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Nutrient deficiencies are a significant abiotic stress of soybean. Iron deficiency 
chlorosis is a major concern in the upper midwestern region of the United States due 
to the prevalence of calcareous soils.  Soybeanʼs susceptibility to iron stress results 
in yield losses into the hundreds of millions each year.  Understanding the molecular 
differences between resistant and susceptible cultivars will significantly affect future 
yield and revenue.  Through the use of near-isogenic lines (NILs), molecular 
markers, and gene expression we have identified the donor parent introgressions 
through both classical SSR mapping and a novel method of SNP clustering which 
can be preformed using data generated through either chip-based SNP genotyping 
platforms or identified de novo though re-sequencing techniques.  By aligning the 
newly constructed introgression map with the previously identified Fe efficiency QTL 
we identified a region on chromosome 3 where the two were positionally coincident.  
To further narrow this region of interest, the NIL was backcrossed an additional 
generation to the recurrent parent in order to identify recombinations within the 
chromosome 3 introgression. These lines were identified as Sub-NILs.  
Recombinants were identified in regular intervals throughout the introgression and 
phenotyped.  Donor parent alleles identified within a 250 kb region represented the 
minimum interval differentiating the efficient and inefficient Sub-NILs.  A second NIL 
sharing the same donor parent was screened for introgressions.  The only region of 
the genome the two NILs shared alleles from the donor parent, introgressions, were 
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localized to the same region on chromosome 3 further adding support to the 
importance of the these alleles.  Eighteen genes were annotated within the region 
and were screened for gene expression differences in soybean roots 24 hours 
following the removal of iron in the growth medium.  Two of the genes were 
differentially expressed between sufficient and insufficient iron conditions. 
Interestingly, these genes are homologs of two transcription factors in Arabidopsis 
thaliana known to function in the iron response pathway.  Sanger sequencing of 
these two genes identified a significant mutation that deletes 4 amino acids in the 
susceptible lines.  We hypothesize that this deletion disrupts the FIT / bHLH 
heterodimer that has been shown to induce known iron acquisition genes. 
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Chapter 1. General Introduction 
 
Rationale 
Iron is an integral nutritional requirement for plants and animals alike (Clarkson and 
Hanson, 1980; World_Health_Organization, 1996; Bogden and Klevay, 2000; Welch 
and Graham, 2004).  The negative effects of iron deficiency are seen across 
kingdoms.  Worldwide iron deficiency anemia is a concern with 30% of the human 
population suffering, however in developing countries such as India greater than 
85% of menstruating or pregnant women suffer from severe anemia (Kapur et al., 
2002; Theil, 2004).  Iron fortification of foods is a viable technique for counteracting 
anemia in first world countries.  However, the cost of these foods is out of reach for 
people in developing countries (Kapur et al., 2002).  Increasing the iron content in 
locally grown crops would make a far greater impact on the severity of this disorder. 
 
Before significant impacts on human nutrition can be made, the molecular basis of 
iron uptake and utilization in plants must first be delineated. Iron deficiency chlorosis 
(IDC) is caused when plants lack sufficient iron for normal growth (Mori, 1999). IDC 
is manifested phenotypically by interveinal chlorosis, stunted growth and significant 
end of season yield losses (Abadía et al., 1999).  Though IDC should not be thought 
of in mere economic terms, in 2004 soybean losses were reported up to 25%, 
equivelent to 120 million dollar loss (Hansen et al., 2004).  In Iowa and Minnesota 
alone, crop losses were greater than 10 million dollars (Hansen et al., 2004).  For 
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these reasons, many breeding populations have been developed to study underlying 
mechanisms of IDC.  
 
IDC is a complex trait, as the mechanism seems to be population specific.  It has 
been shown to be the result of a single gene with modifiers or a polygenic trait with 
many genes contributing to phenotype (Cianzio et al., 1980; Cianzio and Fehr, 
1982).  The single gene hypothesis is supported by a QTL responsible for >70% of 
the phenotypic variation (Lin et al., 1997).  Lycopersicum esculentum and 
Arabidopsis thaliana have been used as model systems for studying the reduction 
strategy of iron uptake. Using these systems, researchers have identified many of 
the genes responsible for reduction and transport of iron from the rhizosphere 
(Brown et al., 1971; Grusak and Welch, 1990; Ling et al., 2002; Vert et al., 2002; 
Connolly et al., 2003; Bauer et al., 2004; Jakoby et al., 2004; Bauer et al., 2007).  
Furthermore, through recent advances in protein-protein interactions and gene 
expression studies, some of the co-regulators of the accepted reduction strategy 
transcription factors have been identified (Yuan et al., 2007).  
 
Near-isogenic lines (NILs) have been created in soybean to study IDC in a common 
genetic background (Bernard, 1975).  It has been suggested that reduction is the 
rate-limiting step in the iron acquisition process (Grusak and Welch, 1990; Connolly 
et al., 2003).  OʼRourke and colleagues (2007) hypothesized that regulation of the 
reductase gene is the most likely difference between the NILs.  
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Research Objectives 
The purposes of the current study were to: (1) map donor parent introgressions in 
two iron-inefficient NILs and align the introgressions with previous iron-efficiency 
QTLs; (2) use further backcrossing to narrow the donor parent introgression in the 
NILs; and (3) identify genes differentiating the response of the NILs to iron stress 




This dissertation is organized into five chapters.  The first chapter contains the 
introduction, research objectives and dissertation organization.  The second chapter 
is a literature review presenting current and previous research in iron deficiency 
chlorosis.  Chapters 3 and 4 are each presented as complete manuscripts. Chapter 
3 has been published in Plant Physiology, while chapter 4 has been submitted to 
Plant Physiology.  Chapter 5 contains overall conclusions derived from this research 
in addition to my recommendations for further research.   
 
Chapter 3 entitled, ʻAn integrative approach to genomic introgression mappingʼ, was 
published in 2010 volume 154 of Plant Physiology (Severin, Peiffer, et al., 2010).  
The donor parent introgressions were identified using polymorphic SNPs from chip 
based genotyping platforms or next-generation sequencing.  Significant clusters of 
SNPs were used to identify regions of introgressions. Identified introgressions were 
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confirmed with SSR marker genotyping between the NILs.  Collaboration was an 
invaluable aspect of the manuscript genesis.  Gregory A. Peiffer and Andrew J. 
Severin conceived the concept of SNP clusters differentiating NILs. Andrew J. 
Severin, Gregory A. Peiffer and Robert M. Stupar conceived the analysis and co-
wrote the manuscript.  Gregory A. Peiffer generated plant material for next 
generation sequencing and performed the SSR marker analysis of the NILs and 
donor parent.  David L. Hyten performed the Illumina GoldenGate analysis; Yung-Tsi 
Bolon contributed material and Illumina GoldenGate data for the protein NILs. Bruna 
Bucciarelli and Jamie A. OʼRourke generated the Single Feature Polymorphism 
(SFP) data.  Wayne W. Xu performed the SFP data analysis and RNA-seq data 
analysis using Method-1.  Andrew J. Severin performed the RNA-seq data analysis 
using Method-2. Andrew J. Severin and David Grant created the bootstrapping 
method.  All authors discussed the results to improve the analysis.    
 
Chapter 4 entitled, ʻIdentification of candidate genes underlying an iron-efficiency 
QTL in soybeanʼ, has been submitted to Plant Physiology and focused on the major 
NIL donor parent introgression on chromosome 3.  Further backcrossing of the NIL 
with the recurrent parent and coordinate phenotyping narrowed the donor parent 
introgression.  Candidate genes within the narrowed introgression were then 
analyzed for gene expression changes in iron sufficient and iron deficient conditions.  
Two transcription factors were differentially expressed at 24 hours in iron stressed 
roots.  Sanger sequencing identified a significant mutation in one of the transcription 
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factors identified as a homolog of a major regulator gene in the iron response 
pathway.  Gregory A. Peiffer wrote the manuscript, conceived the hypothesis and 
experimental design through the introgression identification, narrowing and gene 
expression changes. Keith E. King and Nicholas C. Lauter performed Fe efficiency 
QTL analysis in the Anoka x A7 population.  Andrew J. Severin contributed to the 
gene expression analysis. Shun Fu Lin provided phenotypic scores of the Anoka x 
A7.  Silvia R. Cianzio generated the population.  Randy C. Shoemaker and Silvia R. 
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Chapter 2. Literature Review 
 
Soybean (Glycine max (L.) Merr.) is the number one oilseed crop in the world and a 
major source of protein for animal consumption.  Soybean is a multi-purpose 
commodity used for everything from a simple appetizer to the production of ink and 
plastics.  Production of a large enough quantity of bean to meet the demand requires 
a healthy crop.  In the last decade, United States annual soybean production 
averaged of 2.98 billion bushels (USDA-NASS).  The majority of this crop is 
produced in the Midwestern United States, which produced a total of 2.85 billion 
bushels or 86% of the annual yield in 2010 (USDA-NASS).  The soils in these states 
are often calcareous, meaning they have a high calcium carbonate level and a pH 
around 8 (Inskeep and Bloom, 1987).  The high pH and high calcium carbonate 
levels typically result in a nutritional disorder known as iron deficiency chlorosis 
(IDC).  
 
Iron deficiency chlorosis 
Iron deficiency chlorosis manifests itself as an interveinal yellowing of the leaves 
with the persistence of green veins unless the deficiency is severe (Bienfait, 1986). 
The loss of pigment is due to the plantsʼ inability to manufacture chlorophyll.  Iron is 
an immobile element in the plant, meaning that chlorosis symptoms will only be 
observed in young leaves and are not consistently expressed throughout the plant. 
Therefore, chlorosis severity scores are determined from a particular leaf, and are 
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scored on a continuous five-point visual scale (Cianzio, 1979; Froehlich and Fehr, 
1981).  A score of one is reserved for a leaf with no yellowing and a score of five is 
reserved for a completely necrotic and desiccated leaf.  A three corresponds with the 
beginning of interveinal chlorosis and a score of four requires necrotic spots 
(Cianzio, 1979). The 5-point visual scale has been shown to directly correlate with 
end of season yield losses.  Froelich and Fehr (1981) reported a 20% decrease in 
yield for each unit increase in the visual score.  In a 2003 mail response survey, 99% 
of the respondents indicated that IDC was a serious issue in their fields and that an 
estimated 25% of the crop was affected (Hansen et al., 2003).  The annual cost to 
the soybean community due to IDC was calculated at nearly 120 million dollars 
(Hansen et al., 2004).  Today soybean bushels are selling nearly seven dollars 
higher, increasing the cost to soybean growers to approximately 260 million dollars a 
year.  
 
Iron deficiency isnʼt a problem of iron abundance, but rather of plant availability, as 
iron is the second most abundant metal and the fourth most abundant element in the 
earths crust (5.63%) (Taylor, 1964).  Iron exists in two biologically relevant states, 
soluble ferrous iron (Fe2+) and insoluble ferric iron (Fe3+) (Vance, 1994).  Soil iron 
typically exists in the ferric form bound as a part of insoluble oxyhydroxide polymers 
(Guerinot and Yi, 1994).  Free ferrous iron is converted to insoluble ferric complexes 
very quickly in high pH soils. At a biological pH of 7.0, 90% of the soluble ferrous iron 
is oxidized within an hour and at a pH of 8.0 the same reaction takes place in less 
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than 30 seconds (Vance, 1994).  The concentration of soluble iron in calcareous 
soils is approximately 10-10 M due to the rapid oxidation and hydrolysis of ferrous iron 
(Lindsay, 1995). Plants typically require soluble iron at a concentration of 10-4 M to 
10-9 M (Guerinot and Yi, 1994; Lindsay, 1995).  Plants have devised multiple 
mechanisms to overcome the issue of iron availability, without which most could not 
survive in soils with pH greater than 5.0 (Lindsay, 1995).  
 
Iron forms complexes with a multitude of ligands and can alter its redox potential 
depending on its conformation (Hell and Stephan, 2003).  Its variable redox potential 
makes iron a prime candidate for electron transport in respiration and 
photosynthesis.  Iron-sulfur clusters are essential for photosynthesis and many other 
plant pathways (Holm et al., 1996; Staples et al., 1996; Dai et al., 2000).  Iron-sulfur 
clusters are most common in the Fe4S4 or the Fe2S2 varieties (Flint and Allen, 1996) 
although they exist in other ratios (Holm et al., 1996).  Iron-sulfur clusters are used to 
transfer electrons through photosystem I, photosystem II, and the cytochrome b/f 
complex during the photosynthetic light reactions (Briat et al., 2007).  The dark 
reactions are made possible through the use of iron-sulfur clusters via 
ferredoxin:thioredoxin reductase, which reduces thioredoxin and in turn activates 
ribulose 5-phosphate kinase, sedoheptulose 1,7-bisphosphate and fructose 1,6-
bisphosphate (Staples et al., 1996; Imsande, 1998; Dai et al., 2000).  The above 
reactions illustrate only a couple of the important roles that iron plays in plant growth 
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and development.  Other roles include nitrate assimilation, sulfur assimilation, and 
TCA cycle control (Imsande, 1998).  
 
While iron has many benefits for plant growth and development, it requires tight 
control within the plant. Ironʼs redox potential, when uncontrolled, has detrimental 
toxic effects (Hell and Stephan, 2003).  Reactive hydroxyl radicals (OH•) are formed 
when free iron reacts with superoxide or hydrogen peroxide though a process called 
the Fenton reaction (Briat, 2002).  Hydroxyl radicals cause rapid, nonspecific 
oxidation of biologically significant compounds that can result in severe damage or 
death (Graf et al., 1984).  Thus, iron within the plant is tightly regulated and shielded 
from oxygen (Hell and Stephan, 2003).  Newly acquired iron is quickly bound by 
nicotianamine (NA) as the Fe-NA complex makes a poor Fenton reagent (Von Wirén 
et al., 1999; Hell and Stephan, 2003).  
 
Strategy I and Strategy II response 
Two strategies for iron uptake have been identified in plants (Marschner et al., 1986; 
Römheld, 1987).  The first includes all dicot and non-graminaceous plants such as, 
Arabidopsis thaliana, Lycopersicum esculentum, Pisum sativum and Glycine max.  
Plants in this group respond to iron stress by acidifying the rhizosphere though the 
release of hydrogen ions across the root membrane.  The lower soil pH increases 
Fe3+ solubility in the soil, freeing it from complex soil mineral particles. Soluble Fe3+ 
undergoes reduction to Fe2+ at the plasma membrane via an inducible Fe3+ 
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reductase (FRO) (Brown, 1978).  The reduced Fe is then quickly transported into the 
root via an iron related transporter (IRT) (Brown, 1978).  In addition to the external 
scavenging methods, strategy I roots induce other physiological changes that 
include an increase in organic acid concentration in the root to chelate Fe to prevent 
precipitation or free radical generation, root morphology changes as well as root hair 
development (Schmidt et al., 2000; Hell and Stephan, 2003).  Strategy II plants, 
including wheat, barley, rice, and maize differ from the strategy I plants in that they 
secrete ferric chelators, known as phytosiderophores (Hell and Stephan, 2003).  
Phytosiderophores have been defined as “low molecular weight, virtually Fe(III) 
specific ligands produced as scavenging agents in order to combat low-iron stress” 
(Neilands and Leong, 1986).  They are created via a one step reaction by 
nicotianamine synthase that binds three molecules of methionine to nicotianamine 
(Hell and Stephan, 2003), and are released in a diurnal pattern into the soil (Graham 
and Stangoulis, 2003).  In the soil matrix phytosiderophores scavenge and chelate 
iron in either the Fe2+ or the Fe3+ valencies and then import the entire iron bound 
complex across the root membrane via a specific transporter identified in maize as 
the yellow stripe 1 (ys1) gene (Curie et al., 2001; Hell and Stephan, 2003).  
 
Transcription factor activity 
Model organisms for the study of strategy I include A. thaliana, pea (P. sativum) and 
tomato (L. esculentum), though most of the previous work has been generated from 
A. thaliana and L. esculentum studies (Grotz and Guerinot, 2006).  There has yet to 
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be a confirmed gene or mechanism that explains the process of sensing iron stress 
to initiate transcriptional changes.  However, nitric oxide has been implicated in 
multiple studies as transmiting the iron response signal to initiate transcription of iron 
acquisition genes (Graziano et al., 2002; Graziano and Lamattina, 2005; Arnaud et 
al., 2006; Graziano and Lamattina, 2007).  The first well-characterized transcription 
factor in the iron response pathway, FER, was identified in L. esculentum through 
reciprocal grafting experiments (Brown et al., 1971; Brown and Ambler, 1974).  
Brown et al., (1971) observed that for effective iron uptake a functional FER gene 
was required in the roots but not in the leaves.  More recently, the LeFER 
transcription factor has been cloned and confirmed to function as part of the iron 
deficiency transcriptional response (Ling et al., 2002).  The A. thaliana homolog of 
the LeFER gene, FER-like Iron Deficiency-Induced Transcription Factor (AtFIT) 
(Bauer et al., 2007), has been identified as At2G28160 (Bauer et al., 2004; Jakoby et 
al., 2004; Yuan et al., 2005). Although homologs, the expression patterns of LeFER 
and AtFIT differ.  AtFIT is expressed only under iron stress conditions (Colangelo 
and Guerinot, 2004; Jakoby et al., 2004).  In contrast, LeFER is expressed 
regardless of iron status in the plant (Ling et al., 2002).  LeFER and AtFIT function 
as transcriptional regulators essential for the induction of IRT1 and FRO2 (Ling et 
al., 2002; Bereczky et al., 2003; Colangelo and Guerinot, 2004; Jakoby et al., 2004).  
 
AtFIT (AtbHLH029) is a member of the basic/helix-loop-helix (bHLH) transcription 
factor family.  The bHLH family is the largest of the A. thaliana transcription factor 
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families with 174 members (Toledo-Ortiz et al., 2003).  Using phylogenetic analysis, 
the family can be broken into 21 distinct sub-families.  The N-terminal region, 
thought to generate DNA binding specificity, predominantly consists of ~15 basic 
amino acids (Toledo-Ortiz et al., 2003).  The C-terminus of the bHLH protein 
contains the HLH region thought to function as the dimerization domain (Murre et al., 
1989; Ferre-D'Amare et al., 1994).  The hydrophobic residues, which make up the 
two helices, dimerize, allowing the basic N-terminus to bind both halves of the 
signature E-box recognition sequence (Ma et al., 1994; Shimizu et al., 1997; Toledo-
Ortiz et al., 2003).  The general consensus sequence for the bHLH recognition 
domain, the e-box, is 5ʼ-CANNTG-3ʼ with the variable Nʼs providing specificity to this 
large family of transcription factors (Toledo-Ortiz et al., 2003).  For further 
specification and complexity, the family of bHLH genes has a tendency to function as 
either homo or heterodimers (Ma et al., 1994; Shimizu et al., 1997; Massari and 
Murre, 2000; Toledo-Ortiz et al., 2003).  Not unlike others in the bHLH family, AtFIT 
has been thought to interact with another bHLH gene(s) to activate downstream iron 
regulatory genes (Colangelo and Guerinot, 2004; Grotz and Guerinot, 2006).  In the 
pursuit of these interacting factors, AtbHLH038, AtbHLH039 (Vorwieger et al., 2007; 
Wang et al., 2007), AtbHLH100, and AtbHLH101 (Wang et al., 2007) were identified 
as strongly induced under iron stress conditions.  These four bHLH genes are 
members of the sub-family Ib (Wang et al., 2007) or sub-family 2 (Toledo-Ortiz et al., 
2003) in the bHLH transcription factor family.  This sub-family of genes contains two 
distinct features that separate them from the rest of the family.  The four genes share 
 15 
a three amino acid insertion within the second helix in the HLH domain, and three of 
these genes contain a specific cysteine residue in the loop region (Vorwieger et al., 
2007).  
 
The central transcription factor AtFIT was shown to bind AtbHLH038 and 
AtbHLH039 through a yeast two-hybrid analysis (Yuan et al., 2008).  This was the 
first link beyond coordinate gene expression between these three bHLH genes. A. 
thaliana plants over-expressing either AtFIT/AtbHLH038 or AtFIT/AtbHLH039 
accumulated more iron in their roots and shoots, and were more tolerant of iron 
stress conditions than with over-expression of AtFIT, AtbLH038 or AtbHLH039 alone 
(Yuan et al., 2008).  Yuan et al. (2008) further demonstrated the interaction with dual 
expression of AtFIT/AtbHLH038 and AtFIT/AtbHLH039 in yeast cells with GUS 
expression under control of AtFRO2 and AtIRT1 promoters.  This indicated that the 
heterodimers AtFIT/AtbHLH038 or AtFIT/AtbHLH039 were direct regulators of 
AtFRO2 and AtIRT1.  
 
AtbHLH039 expression has also been shown to be influenced by POPEYE (PYE), a 
bHLH transcription factor (Long et al., 2010).  In pye-1 mutant plants AtbHLH039 
was strongly induced both under iron stress and sufficient conditions, indicating PYE 
plays a role in regulating AtbHLH039 expression (Long et al., 2010).  It is expected 
than many pathways and regulatory elements are in place to control the expression 
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of FIT and its interacting factors as FIT plays such a major role in the expression of 
iron deficiency inducible genes (Colangelo and Guerinot, 2004; Long et al., 2010). 
 
Ferric reductase oxidase (FRO) 
Following the acidification of the rhizosphere, iron is still unavailable for uptake and 
use in the plant until it is released from organic compounds and reduced to the 
ferrous state via ferric reductase oxidase (Robinson et al., 1999).  Previous research 
has shown that reduction is the rate-limiting step in the iron acquisition process 
(Grusak and Welch, 1990; Connolly et al., 2003).  Two mutants (frd1-1 and frd1-3) 
have been identified that lack the ability to reduce ferric iron and therefore cannot 
efficiently uptake iron (Yi and Guerinot, 1996).  It was discovered through cloning 
and sequencing of the A. thaliana ferric chelate reductase gene (AtFRO) that it was 
allelic to both frd1-1 and frd1-3 (Robinson et al., 1999).  The frd1-1 mutant contained 
a stop codon in its first exon and the frd1-3 mutant harbored a substitution from 
threonine to methionine in the sixth exon (Robinson et al., 1999).  AtFRO2 is a 
member of the flavocytochrome family that contains seven other FRO genes that all 
contain a FAD binding site, a NADPH binding site, four histidine residues, and 8-9 
transmembrane helices (Mukherjee et al., 2006).  Members of this family have been 
found in L. esculentum, yeast, pea and humans (Dancis et al., 1990; Roman et al., 
1993; Chanock et al., 1994; Waters et al., 2002; Li et al., 2004), and are expressed 
in many different tissues including leaves, shoots, and roots (Robinson et al., 1999; 
Mukherjee et al., 2006).  Expression analysis of the flavocytochrome family in A. 
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thaliana has shown that AtFRO2 predominantly functions in the root (Mukherjee et 
al., 2006).  Within 24-hours following iron stress, AtFRO2 transcript levels 
significantly increase to alleviate the stress (Buckhout et al., 2009). 
 
Over-expression of ferric reductase has shown promising results for increased iron 
deficiency resistance (Connolly et al., 2003; Vasconcelos et al., 2006; Ishimaru et 
al., 2007).  In 2003, Connolly and colleagues over-expressed AtFRO2 using a 
constitutive 35S promoter.  The transformed plants grew significantly better in iron-
stressed conditions compared to the wild-type, which confirmed the claim by Grusak 
(1990) that reduction was the rate-limiting step in iron acquisition. Since this initial 
study, the yeast ferric iron reductase gene (refre1/372) was transformed into rice 
(Ishimaru et al., 2007).  The transformed plants performed significantly better under 
iron stress with a nearly 8 fold yield increase compared to the wild-type plants 
(Ishimaru et al., 2007).  More recently, the A. thaliana FRO2 gene was transgenically 
expressed in soybean grown in hydroponic conditions (Vasconcelos et al., 2006).  
Transgenic plants showed a significant increase in chlorophyll content in addition to 
a significant gain in biomass, due to iron deficiency compared to wild-type plants 
(Vasconcelos et al., 2006).  These experiments together indicate that manipulation 
of the ferric chelate reductase gene can have significant effects on plant growth 




Iron regulated transporter (IRT) 
Following reduction by AtFRO2, strategy I plants must transport reduced ferrous iron 
across the root membrane.  The A. thaliana iron-regulated transporter 1 gene 
(AtIRT1) has been implicated as a major component of the iron uptake mechanism 
(Eide et al., 1996).  AtIRT1 has been shown to transport Mn, Zn, Cd and Co in 
addition to Fe (Korshunova et al., 1999), however, irt1 mutant plants will die prior to 
seed set unless given exogenous amounts of iron (Varotto et al., 2002; Vert et al., 
2002).  AtIRT1 is a member of the zinc response transporter (ZRT), IRT-like Protein 
(ZIP) family that contains 25 members (Guerinot, 2000).  The family is further broken 
down into two sub-families, one consisting mainly of plant derived genes and the 
other consisting of Animalia genes (Guerinot, 2000).  Like AtFRO2, the expression of 
AtIRT1 mRNA and protein also spike in roots 24 hours following iron stress 
(Buckhout et al., 2009). Interestingly, AtIRT1 is post-transcriptionally regulated 
(Connolly et al., 2003) to alleviate excess iron transport (Hell and Stephan, 2003).  
Post-transcriptional control of AtIRT1 was discovered after two observations: AtIRT1 
protein levels were reduced within 12 hours following the re-ntroduction of iron, and 
over-expression of AtIRT1 only accumulated AtIRT1 protein in iron-limiting 
conditions (Connolly et al., 2002).  The over-expression of AtFIT/AtbHLH038, 
AtFIT/AatbHLH039, or the over-expression of AtbHLH039 alone released AtIRT1 
from post-transcriptional regulation in both iron sufficient and deficient conditions 
(Yuan et al., 2007).  AtbHLH039 is unable to bind and function as a homodimer, 
indicating that AtbHLH039 and an unknown factor may regulate the post-
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transcriptional control of AtIRT1 (Yuan et al., 2007), further illustrating AtbHLH039ʼs 
importance in iron homeostasis.  
 
Identification of QTL associated with iron deficiency chlorosis 
Increasing productivity of soybean lines in iron stress conditions can be achieved 
with the addition of exogenous iron (Abadia et al., 2011), although the most 
economical and durable method to control IDC is through the identification and 
utilization of resistant genotypes (Longnecker and Welch, 1990; Mortvedt, 1991; 
Wiersma, 2005).  For decades, soybean breeders have teased out the genomic 
locations of genes responsible for iron use efficiency in various populations.  The 
earliest study of IDC concluded that iron-efficiency was controlled by a single 
recessive gene with no maternal effects (Weiss, 1943).  Following this initial 
observation, iron-efficiency was identified as a dominant gene with modifiers (Brown 
and Caldwel, 1967), a single major gene with co-dominant inheritance (Cianzio et 
al., 1980), and a quantitative trait controlled by additive gene action (Cianzio and 
Fehr, 1982).  In 1997, Lin et al., mapped quantitative trait loci simultaneously in two 
populations with two years of leaf chlorophyll concentrations in addition to the 
standard, visual IDC scores.  Their report described two populations, one exhibiting 
polygenic inheritance and the other a single major gene with modifiers.  Polygenic 
inheritance was observed in a Pride x B216 population with multiple QTL mapping to 
6 major linkage groups (MLGs), with no QTL contributing > 30% to the observed 
phenotype. In the other population studied, Anoka x A7, Lin and colleagues 
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observed a single major gene with modifiers.  In this population, a region on MLG N 
(chromosome 3) contributed 78.7% to the observed phenotype, further strengthening 
the argument for two separate mechanisms for IDC control, and that are dependent 
on the population being studied (Cianzio and Fehr, 1982; Lin et al., 1997).  
 
Hydroponic growth of soybean lines 
Field plots are inherently inefficient for iron deficiency chlorosis QTL mapping and 
evaluation.  Studies are limited to geographic regions harboring calcareous soils, a 
single growing season during the summer, and the relative severity of chlorosis 
(Jessen et al., 1986; Lin et al., 2000).  To alleviate these limitations, a hydroponic 
growth system was established by Chaney et al. (1989;1992).  Using a hydroponic 
system, Jessen and colleagues (1988) screened eight genotypes with varying 
responses to iron deficiency and found a 0.98 correlation between visual scores from 
calcareous soil and hydroponic environments.  To further prove that hydroponic plant 
growth under iron stress conditions would mimic results obtained on calcareous 
soils, Lin et al. (2000), expanded their previous iron QTL mapping study to include 
hydroponic growth and analysis in the same populations previously used (Lin et al., 
1997). The polygene hypothesis was validated for the A15 x Pride B216 population 
with multiple QTL in the same locations as the QTL identified in the field study. In the 
Anoka x A7 population the QTL on MLG N (chromosome 3) was reconfirmed, 
explaining 82.9% of the phenotypic variation based on visual scores (Lin et al., 
2000).  
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Since these initial proof-of-concept studies in hydroponic QTL mapping, hydroponics 
became the standard method used in nutrient studies as it allows for removal of 
specific nutrients without altering others, allowing for control of other potential 
variables.  Manipulation of specific nutrients is extremely important in mapping 
specific QTL directly associated with the trait of interest rather than spurious QTL 
from uncontrolled environmental variables.  Hydroponics are the standard for 
microarray and transcriptome profiling studies for nutrient studies including but not 
limited to potassium, phosphorus, salt, and iron (Kreps et al., 2002; Hammond et al., 
2003; Gierth et al., 2005; O'Rourke et al., 2007; O'Rourke et al., 2007; Buckhout et 
al., 2009; O'Rourke et al., 2009).  
 
Near isogenic lines 
In molecular breeding it is important to work with a specific population that will most 
efficiently identify genes associated with the trait of interest.  Near isogenic lines 
(NILs) are immortal lines, in the sense that genetic variation is trapped and 
preserved through future rounds of self-fertilization to allow for multiple experiments 
with the same population and quasi-identical genotypes (Keurentjes et al., 2007).  
Near isogenic lines (in principle) vary only in the alleles responsible for a trait of 
interest, while identical for all other alleles (Keurentjes et al., 2007), proven to be 
extremely useful in identification of target genes in many crops (Young et al., 1988; 
Kim et al., 2008).  
 
 22 
Near isogenic lines are obtained through crossing a genotype containing an allele of 
interest (donor parent) to a genotype containing the desired background alleles 
(recurrent parent) (Keurentjes et al., 2007).  Progeny from the initial cross is then 
backcrossed to the recurrent parent and the resulting progeny screened for the trait 
of interest.  Only those retaining alleles for the trait of interest are harvested and 
again backcrossed to the recurrent parent.  For each generation of backcrossing to 
the recurrent parent, the proportion of the donor parent alleles decreases by 50%, 
meaning the ratio of the recurrent parent alleles to donor parent alleles in the BC1 
will be 75:25, BC2: 87.5:12.5, …, BC6: 99.22:0.78, etc (Fehr, 1987).  The alleles 
introgressed into the recurrent parent can be mapped using molecular markers to 
identify genomic locations of controlling alleles.  After identification of the 
introgression, greater resolution can be achieved through additional reduction of the 
donor parentʼs genetic contribution (Keurentjes et al., 2007) via additional 
recombination with the recurrent parent (Goodstal et al., 2005).  Marker assisted 
selection is used to identify NILs containing a subset of the whole introgression, 
called Sub-NILs (Frisch et al., 1999; Goodstal et al., 2005; Kim et al., 2008).  
Phenotyping of the Sub-NILs can aid in identification of specific genomic regions 
harboring genes contributing to the trait of interest (Monforte et al., 2001; Brouwer 
and St. Clair, 2004; Goodstal et al., 2005; Nichols et al., 2006; Kim et al., 2008). 
 
In the soybean community many NILs have been created for public use.  The USDA-
ARS has specifically created NILs in two separate backgrounds to study iron 
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deficiency chlorosis (Bernard, 1975; Bernard et al., 1991).  Each of these NILs 
(Clark/PI 547430 and Harosoy/PI 547698) contain introgressed alleles from the iron-
inefficient donor parent T203 (Bernard, 1975).  The authors were unable to find 
published literature utilizing the Harosoy / PI 547698 NIL for use in iron studies.  The 
Clark / PI547430 NIL has become the standard NIL for use in studying iron 
deficiency chlorosis (O'Rourke et al., 2007; O'Rourke et al., 2007; O'Rourke et al., 
2009; Rogers et al., 2009). 
 
Gene expression studies 
Genetic research often aims to identify the gene(s) underlying traits of interest.  
Gene expression analyses using techniques such as microarray analysis or RNA-
Seq takes advantage of the transition state between transcription and translation. 
Following transcription, a gene product exists as messenger RNA (mRNA) that will 
further be translated into a functional protein.  Researchers are able to assess the 
relative amounts and changes of mRNA levels for a corresponding gene though 
various iron conditions to better delineate gene(s) associated with stress responses.  
Gene expression analysis has undergone many different variants since its 
conception.  
 
The simplest method for tracking gene expression changes for a single gene or a 
subset of genes is through quantitative reverse transcriptase polymerase chain 
reaction (qRT-PCR). qRT-PCR is a variation of the PCR, reaction first introduced in 
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1986 (Mullis et al., 1986) designed to amplify DNA.  Through the use of a retroviral 
enzyme, reverse transcriptase, the reaction produces a complementary DNA copy 
(cDNA) of the mRNA for further amplification through PCR (Rappolee et al., 1988).  
This process was first used to quantify cellular mRNA levels in the late 1980ʼs and is 
still an accepted form of mRNA quantification (Becker-Andre and Hahlbrock, 1989; 
Wang et al., 1989; Gilliland et al., 1990).  qRT-PCR has itʼs limitations, which include 
high inter- and intra-reaction error, in addition to time and resource inputs required 
for simultaneous quantification of many genes (Freeman et al., 1999).  
 
With qRT-PCR, research is directed at a list of previously identified candidate genes. 
This presumption carries with it the very real potential of limiting a researcherʼs view 
of broad gene expression changes following a given stress.  Microarray experiments 
have the potential to screen thousands of genes simultaneously, greatly broadening 
the scope of an experiment (Lockhart and Winzeler, 2000).  However, due to the 
hybridization-based assay it is typically difficult to distinguish between and among 
members of a gene family.  Affymetrix GeneChips® were used in much of the early 
transcriptome analysis of iron deficiency chlorosis in both soybean and A. thaliana 
(Thimm et al., 2001; O'Rourke et al., 2007; O'Rourke et al., 2007; Buckhout et al., 
2009; O'Rourke et al., 2009).  
 
OʼRourke and colleagues identified candidate genes through the use of microarray 
analysis in soybean grown for ~14 days in iron limiting hydroponic conditions 
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(O'Rourke et al., 2007; O'Rourke et al., 2007).  This initial research was performed 
using the near isogenic lines Clark and PI547430. PI547430 lacks FRO2 (ferric 
chelate reductase) activity in roots when to iron-limiting conditions (O'Rourke et al., 
2007).  Further genomic dissection of the differences between these NILs identified 
835 differentially expressed (DE) genes between iron-sufficient and iron-limiting 
conditions in Clark, and 200 DE genes in PI547430 with only a portion of those 
genes co-locating to known iron-efficiency QTL (O'Rourke et al., 2009).  Considering 
the observed genomic locations of DE genes, the researchers hypothesized that the 
genetic difference between these NILs was most likely a mutation within a 
transcription factor acting transiently to control the expression of the many iron 
response genes outside known QTL regions (O'Rourke et al., 2009).  
 
In contrast to the early soybean gene expression studies performed at 14 days after 
iron stress, A. thaliana researchers investigated iron deficiency response and gene 
expression changes at 24 hours post-iron stress (Thimm et al., 2001; Wang et al., 
2002; Buckhout et al., 2009).  This earlier view into gene expression changes has 
the potential to identify transcription factor activity responding to the plantʼs 
perception of iron stress rather than as a product of that response in the subsequent 
days.  These early A. thaliana studies are responsible for the identification of the 
integral roles of the bHLH subfamily Ib, AtbHLH038, AtbHLH039, etc. (Vorwieger et 
al., 2007).  
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Further advancements in sequencing and transcriptional analysis yielded a paradigm 
shift in the field of transcriptomics (Wang et al., 2009).  Next-generation sequencing 
(NGS) allows for deep sequencing of the transcriptome with higher throughput and 
improved cost-effectiveness than classical Sanger sequencing (Marguerat and 
Bähler, 2010).  Just as the microarray world was dominated by commercial 
platforms, the RNA-seq technology is dominated by the Roche 454 system, the AB 
SOLiD, and the Illumina Genome Analyzer.  While they vary as to how sequence 
reads are processed and produced, they all produce terabytes of sequence 
information in a few hours of run time.  Applications for next-generation sequencing 
spans from full transcriptome profiling (RNA-seq) to genomic DNA sequencing, both 
de novo and re-sequencing.  NGS varies from Sanger sequencing as the new 
platforms produce short (36 bp – 150 bp) fragments compared to the hundreds of 
base pairs produced from a single Sanger read.  The advantage of the “next-
generation” sequence is that tens of millions of reads are produced though a single 
run, allowing for greater coverage depth (Marguerat and Bähler, 2010).  The greater 
depth of coverage allows researchers to address questions that werenʼt possible 
using older technologies (Ozsolak and Milos, 2011).  Microarray studies suffer from 
a severe disadvantage, the inability to identify gene expression changes for genes 
expressed in very low or very high levels, RNA-seq can overcome these issues and 
provide an accurate estimation of expression level (Wang et al., 2009).  RNA-seq 
was recently performed on a soybean line using 13 different tissues ranging from 
young leaf to nodule (Severin et al., 2010).  The data from this experiment allows for 
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the identification of tissue- and time-specific gene expression and is publically 
available via various public databases such as Soybase.org.  
 
RNA-seq data can be used for far more than identification of gene expression 
differences.  Post-transcriptional regulation (Marguerat and Bähler, 2010), mapping 
of intron / exon boundaries (Wang et al., 2009), recognition of alternative splicing 
patterns and small RNA profiling (Ozsolak and Milos, 2011) are just some of the 
ways to use the tremendous amount of RNA-seq data generated from a single 
experiment.  The ability to detect single nucleotide polymorphisms is another 
advantage and possible use of RNA-seq (Cánovas et al., 2010).  SNPs have been 
successfully used to map QTL and also for the identification of NIL introgressions 
(Hyten et al., 2008; Kaczorowski et al., 2008; Bolon et al., 2010).  The SNPs 
generated from and RNA-seq experiments are by nature located in the coding 
regions of the gene, and therefore have a greater potential to alter gene function 
(Cánovas et al., 2010).  
 
Experimental questions 
Fortunately, many researchers have delineated the multiple methods of genetic 
control and identified the strategy 1 iron response genes and their interactions.  IDC 
gene expression studies have adopted NILs as model populations for such research.  
Through previous studies, researchers have hypothesized that the different iron 
stress responses may be due to transcription factors, a mutation in the ferric 
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reductase gene, or both (O'Rourke et al., 2007; O'Rourke et al., 2009).  With the 
recent release of the Williams 82 soybean sequence and gene annotations 
(Schmutz et al., 2010) we can now attempt to identify specific genes underlying the 
iron stress response.  To better understand the mechanism behind IDC in soybean 
we must first identify the mechanism underlying our model system. Identification of 
the donor parent introgressions in the NILs is paramount to localizing regions of the 
genome that control iron-efficiency response.  Do the donor parent introgressions 
co-localize with previously identified QTL?  Do alleles within the introgressions and 
QTL vary between the recurrent parent and inefficient NIL?  Using modern gene 
expression analysis, can gene(s) within the region regulated by iron availability be 
identified?  Answers to these questions will significantly impact the soybean 
research community and provide a better understanding on how to properly use the 
NILs in further research.  The better we are able to utilize the available tools, the 
quicker we will alleviate yield losses due to this devastating abiotic stress. 
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Near-Isogenic Lines (NILs) are valuable genetic resources for many crop species, 
including soybean (Glycine max).  The development of new molecular platforms 
promises to accelerate the mapping of genetic introgressions in these materials.  
Here, we compare some existing and emerging methodologies for genetic 
introgression mapping: single-feature polymorphism analysis, Illumina Goldengate 
SNP genotyping, and de novo SNP discovery via RNA-Seq analysis of next-
generation sequence data.  We used these methods to map the introgressed regions 
in an iron-inefficient soybean NIL and found that the three mapping approaches are 
complementary when utilized in combination.  The comparative RNA-Seq approach 
offers several additional advantages, including the greatest mapping resolution, 
marker depth and de novo marker utility for downstream fine-mapping analysis.  We 
applied the comparative RNA-Seq method to map genetic introgressions in an 
additional pair of NILs, exhibiting differential seed protein content.  Furthermore, we 
attempted to optimize the comparative RNA-Seq approach by assessing the impact 
of sequence depth, SNP identification methodology and post-hoc analyses on SNP 
discovery rates.  We conclude that the comparative RNA-Seq approach can be 
optimized with sufficient sampling and by utilizing a post-hoc correction accounting 





Near-Isogenic Lines (NILs) are valuable genetic resources for the identification of 
genomic regions and alleles responsible for trait variation.  This is particularly true 
within the soybean (Glycine max) community, where NILs can be utilized to map the 
genomic regions responsible for the phenotypic variation of numerous traits, 
including seed composition, nutrient deficiency tolerance, maturity and several 
others (Bernard et al., 1991).  
 
Historically, the mapping of NIL introgression sites has relied on a wide range of 
electrophoresis-based molecular tools, including isozyme, RFLP, AFLP and SSR 
analyses (Muehlbauer et al., 1989; Muehlbauer et al., 1991; Molnar et al., 2003; 
Nichols et al., 2006).  More recently, automated genotyping technologies have 
accelerated the efficiency of genetic mapping.  Such methods, including Single 
Feature Polymorphisms (SFP) analysis of microarray data and Single Nucleotide 
Polymorphism (SNP)-based genotyping methods, have been successfully applied to 
the mapping of soybean NIL lines and other mapping populations (Hyten et al., 
2008; Kaczorowski et al., 2008; Bolon et al., 2010).  However, the mapping 
resolution of all of these platforms is limited by the location and depth of informative 
markers available for a given species.  Additionally, many of the markers will not be 
polymorphic for the specific set of genotypes utilized in a NIL introgression study. 
 
The recent sequencing of the soybean genome (Schmutz et al., 2010) and recent 
advances in next-generation sequencing (NGS) technologies have the potential to 
overcome some of these limitations.  Comparative NGS analyses of near-isogenic 
lines with their respective parental lines offers the possibility of identifying SNP 
polymorphisms that are unique to each NIL-parent group.  Furthermore, comparative 
NGS analyses offer a potentially greater marker depth than previous mapping 
methods.  Direct RNA sequencing (RNA-Seq) via NGS allows for these goals to be 
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accomplished at a lower cost, as the sequence coverage per SNP will be enriched 
within transcribed regions, thereby reducing the total amount of sequence required 
to confidently identify true polymorphisms. 
 
In this study, we have attempted to map the introgression loci of the soybean NIL 
IsoClark (PI 547430) relative to its recurrent parent Clark (PI 548533).  Previous 
studies of Clark and IsoClark NIL have characterized the differences between these 
lines at multiple levels of resolution, including morphological and transcriptional 
differences (O'Rourke et al., 2007a; O'Rourke et al., 2007b; O'Rourke et al., 2009).  
Compared to Clark, IsoClark is an iron-inefficient line, putatively caused by the 
introgression of iron-inefficient genetic material from the donor line T203.  Iron 
deficiency chlorosis (IDC) remains a problem of great economic importance for 
soybean growers (Hansen et al., 2003).  Therefore, the Clark – T203 – IsoClark 
family represents a soybean NIL family of both scientific and economic importance.  
Here, we have examined several genotyping technologies to improve the mapping of 
T203 introgression sites in IsoClark.  Furthermore, we have applied our RNA-Seq 
based methods towards mapping introgression of two additional soybean NILs 
exhibiting seed composition differences (Nichols et al., 2006).  We have compared 
some of the existing (Affymetrix SFP and Illumina Goldengate) and emerging 
technologies (Illumina NGS) for soybean introgression mapping, and speculate on 




Introgression mapping using Affymetrix single feature polymorphisms 
Affymetrix SFP analysis was used to identify putative T203 introgressions in the NIL 
genotype IsoClark.  SFP between Clark and IsoClark were considered indicative of 
potential T203 introgression sites.  We compared 10-day and 14-day root transcripts 
from Clark and IsoClark, each grown hydroponically in iron-sufficient and iron-limiting 
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conditions (see Materials and Methods).  This analysis indentified four obvious SFP 
clusters in the IsoClark genome, on chromosomes 3, 5, 8 and 16 (Table I, Figure 1).  
Based on these analyses, it appears that the T203 introgression on chromosome 3 
is the largest of the four.  Eleven additional SFPs were identified outside of these 
clusters and were scattered throughout the genome (Figure 1).  These SFPs were 
inferred to be false-positives unless validated by additional genotyping platforms. 
 
Introgression mapping using the Illumina Goldengate platform 
The Illumina Goldengate genotyping platform was used to identify putative T203 
introgressions in IsoClark.  SNPs between Clark and IsoClark were considered 
indicative of potential T203 introgression sites.  This analysis identified seven loci 
that were polymorphic between Clark and IsoClark (Table I, Figure 1).  Four of these 
seven loci had been previously identified as likely introgressions based on SFP 
analysis.  One of the remaining loci, on chromosome 13, co-localized with a solo 
SFP.  The two remaining loci, near the top of chromosome 8 and towards the bottom 
portion of chromosome 4, did not co-localize with any previously identified SFP 
(Table I, Figure 1). 
 
Introgression mapping using two SNP calling methods on a single-library of Illumina 
RNA-Seq data 
Illumina RNA-Seq data was used to identify putative T203 introgressions in IsoClark.  
SNPs identified de novo between Clark and IsoClark transcripts were mapped to the 
soybean reference genome and their genomic positions were considered as 
potential T203 introgression sites.  Altogether, RNA-Seq SNP discovery was 
performed in four ways: Single-library comparisons using Method 1 (see description 
below and in “Materials and Methods”), four-library comparisons using Method 1, 
single-library comparisons using Method 2 (see description below and in “Materials 
and Methods”), and four-library comparisons using Method 2.  This approach 
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allowed us to compare the sensitivity and accuracy of RNA-Seq SNP discovery 
across different analytical methods and sequence depths. 
 
For the single-library comparisons, Illumina NGS was performed on the RNA 
isolated from the 10-day iron-limiting root samples, resulting in 30,897,337 short 
read sequences.  These sequences were then aligned to the Glycine max genome 
(Glyma1.01 genome assembly) to identify SNPs between Clark and IsoClark in 
protein coding regions.  SNPs were considered indicative of T203 genomic 
introgression sites.  Two methods were used to identify SNPs and to gain a measure 
of confidence in the SNPs determined by each method. 
 
Method 1 used the program SOAP2 (Li et al., 2009b) to align the short read 
sequences to the soybean genome (Schmutz et al., 2010).  SNPs were then 
identified from the SOAP2 alignment using program SOAPsnp (Li et al., 2009a).  
Only unique alignments were considered.  SNPs were screened for a minimum 
base-call quality score of ten, average quality score of 20, minimum best hits of four 
and no ambiguous bases. 
 
Method 2 used the program GSNAP (Wu and Serban, 2010) to align the short read 
sequences to the soybean genome.  GSNAP can handle short read sequences that 
fall over splice junctions.  All mismatches from the best alignment for a read were 
tallied in a database and a reporting script required the potential SNP to meet the 
following criteria: a minimum of two unique alignments, average quality score of 20 
and a minimum of 80% of the reads uniquely aligned to the position calling the SNP 
within a sample.  This data was further filtered, requiring a minimum coverage of four 
short read sequences in the NIL pair and requiring a maximum less than 50% in one 
line calling the SNP within a sample. 
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There were 172 SNPs identified by Method 1 (Supplemental Table S1) and 255 
SNPs identified using Method 2 (Supplemental Table S2) when applied to the 10-day 
root RNA-Seq single-library comparison.  The putative introgression sites previously 
identified by SFP and Goldengate SNP analyses accounted for 159 of the 172 SNPs 
identified using Method 1 and 158 of the 255 SNPs identified using Method 2 (Table 
I).  Thus, the larger introgression sites identified using SFP and Goldengate 
analyses were generally confirmed by the SNPs called by each method, particularly 
the sites on chromosomes 3, 5 and 16 (Table I).  Introgression sites on 
chromosomes 4 and 13, which were tentatively identified by SFP and/or Goldengate 
analyses, were strongly confirmed by the RNA-Seq data (Table I).  Surprisingly, the 
two chromosome 8 introgression sites identified by SFP and/or Goldengate analyses 
were not strongly supported by the RNA-Seq SNP data obtained from this single-
library comparison (Table I). 
 
Introgression mapping using SNP data from multiple Illumina RNA-Seq libraries 
To determine if the quantity of the short read sequence data for identifying 
introgression sites was limiting sensitivity, we analyzed eight additional Illumina 
RNA-Seq data sets using Method 1 and Method 2; four from Clark and four from 
IsoClark plants grown for 19 days after which the plants were exposed to iron 
sufficient and iron limiting conditions for 24 hours.  We refer to this comparison as 
the ʻfour-library comparison.ʼ  The 19 day root and leaf data set contained 
91,303,822 short read sequences.  Therefore, this experiment included four times 
the number of experimental conditions and approximately three times the number of 
short read sequences than was used in the RNA-Seq single-library comparison 
described in the previous section. 
 
The RNA-Seq four-library comparison of the 19 day samples identified 261 SNPs 
with Method 1 (Supplemental Table S3) and 469 SNPs with Method 2 (Supplemental 
Table S4).  The Method 1 SNPs appeared primarily in the larger introgression sites, 
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with only 14 located outside of these regions.  The Method 2 SNPs were found 
outside of the larger introgressions at a substantially higher frequency (Table I); the 
locations of these SNPs were scattered across the genome.  Both Method 1 and 
Method 2 identified the two introgression sites on chromosome 8 that were 
essentially missed by the single-library comparison (Table I).  However, the Method 
2 analysis identified these sites at a much higher frequency. 
 
Without a substantial accumulation of SNPs in one region in the genome or the 
coincidental overlap of Affymetrix SFPs or Illumina Goldengate polymorphisms with 
the next generation sequencing SNPs, it may be difficult to distinguish between a 
site of introgression and an RNA-Seq false positive SNP call.  This problem is further 
confounded by variations in gene density along each chromosome.  In order to 
identify all or nearly all of the prominent T203 introgression sites a statistical method 
for distinguishing between introgression sites and false positives randomly scattered 
across the genome was required.  
  
Accounting for gene density increases the sensitivity of introgression mapping 
The RNA-Seq data identified SNPs based on short read sequences taken from 
protein coding regions.  To account for gene density and to provide a statistical 
measure of SNP clustering, an algorithm for SNP clustering utilizing a ʻbootstrap 
methodʼ was developed. 
 
The simulated density of SNPs that might be found within a chromosomal interval by 
random chance was determined by choosing genes at random with replacement.  
For example, if 204 SNPs were identified on chromosome 3, then the position of 204 
genes from chromosome 3 were chosen at random with replacement.  The position 
of the gene was estimated by averaging the start and end coordinates.  This process 
was repeated 1,000 times to obtain an estimate of the mean SNP density and 
standard deviation for a given interval.  Intervals in the genome that contained a 
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significantly higher density of SNPs than would be expected at random were inferred 
to be introgressed.  An interval was considered to contain a significantly higher 
density of SNPs if there were three or more SNPs in the interval and the number of 
SNPs was greater than three standard deviations above the mean SNP density 
expected by random chance for a given interval.  When the bootstrap method was 
applied to SNPs identified using Method 1 and Method 2 on the RNA-Seq single-
library comparison (10 day root), significant intervals were identified on 
chromosomes 3, 4, 5, 13 and 16 (Figure 2 a,b).  SNPs identified using Method 1 and 
Method 2 from the RNA-Seq four-library comparison (19-day root and leaf) revealed 
the same introgression sites and additional sites on chromosome 8 (Figure 2 c,d).  
The introgression sites identified in the bootstrap method are conservative estimates 
of the full introgression site, but account for 80% of the single-library SNPs, and 93% 
of the four-library SNPs identified in Table 1. 
 
These data suggest that the quantity and coverage of short read sequences present 
in the RNA-Seq four-library comparison may alone be sufficient to identify the same 
introgression sites as was determined from a combination of SFP, Goldengate, and 
RNA-Seq single-library comparison.  More SNPs pass through the filtering criteria 
with the increased number of reads from the RNA-Seq four-library comparison.  
Additionally, the sensitivity of the RNA-Seq four-library comparison is aided by the 
sampling of RNA from different tissue types, assuring that a more comprehensive 
set of transcripts (and genome space) was surveyed as compared to the single-
library comparison. 
 
Application of the advanced NGS introgression mapping on a second NIL pair 
To further validate our method for determined introgression sites, we performed the 
Method 2 analysis followed by the bootstrapping post-hoc method on an additional 
set of two NILs, HiPro and LoPro.  The two NILs, derived by introgressing G. soja 
into a G. max background (see “Materials and Methods”), exhibit differential seed 
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protein content (Nichols et al., 2006; Bolon et al., 2010).  In this case, we were 
interested in identifying differential introgression patterns between the two lines, 
therefore the RNA-Seq SNP comparison was performed directly between HiPro and 
LoPro, rather than the NILs and the G. max recurrent parent. 
 
Twenty-eight libraries taken from a variety of tissues and seed developmental stages 
were included in the RNA-Seq SNP analysis.  This data included 97,637,480 short 
read sequences.  Within this seed-protein NIL data, 387 SNPs were identified 
(Supplemental Table S5).  Approximately 40% (153 out of the 387 SNPs) were 
located within genomic regions determined to be significant based on our bootstrap 
algorithm.  The remaining SNPs in each experiment were randomly scattered across 
the genome.  Our method was able to easily identify the well-known introgressed 
region on chromosome 20 (Nichols et al., 2006; Bolon et al., 2010).  It also identified 
regions on chromosome 16 and chromosome 18 that were previously unknown 
(Figure 3).  SNP Goldengate analysis on HiPro and LoPro validated all three of these 
introgressions (data not shown). 
 
Introgression validation 
The IsoClark introgression sites on chromosomes 4, 5, 13, and 16 were confirmed 
through resequencing by PCR amplification of Clark, IsoClark and T203 DNA (the 
introgression on chromosome 3 is well-established and did not require further 
validation).  Additionally, candidate introgressions were also validated with SSR 
markers.  SSR markers BARCSOYSSR_04_1282, BARCSOYSSR_04_1286, 
BARCSOYSSR_04_1297 and BARCSOYSSR_04_1299 were polymorphic between 
Clark and IsoClark on chromosome 4.  Similarly, SSR markers Sat_217 and Sat_271 
were polymorphic on chromosome 5.   SSR marker Satt228 was polymorphic on 
chromosome 8 (nucleotide position 45,272,500).  SSR marker Satt490 was 
polymorphic on chromosome 13.  SSR markers BARCSOYSSR_16_1047, 
BARCSOYSSR_16_1057, BARCSOYSSR_16_1059 and BARCSOYSSR_16_1070 
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were polymorphic on chromosome 16.  All markers and positions are available on 
Soybase (http://soybase.org).  Only the predicted introgression between 2.0-3.5 Mb 
on chromosome 8 was not confirmed through resequencing or SSR markers due to 
problematic primers or lack of SSR markers in that region.  This region, however, 
has additional support from Illumina Goldengate SNP data.  A similar introgression 
validation was performed for the HiPro and LoPro NILs.  Resequencing by PCR 
amplification confirmed the candidate introgression on chromosome 16 but was 
unable to confirm the introgression on chromosome 18 (the introgression on 
chromosome 20 is well-established and did not require further validation).  However, 





Comparison of SFP, SNP Goldengate and NGS RNA-Seq for genetic introgression 
mapping 
The Affymetrix SFP and Illumina Goldengate SNP methodologies are established as 
genetic mapping approaches that are far more efficient than electrophoresis-based 
methods for genome-wide mapping applications (Hyten et al., 2008; Kaczorowski et 
al., 2008; Bolon et al., 2010).  In our introgression mapping for the IsoClark NIL, the 
SFP and Goldengate platforms primarily identified an overlapping set of putative 
introgression sites (Figure 1).  The Goldengate platform identified seven 
introgression sites, which were validated in subsequent experiments, indicating that 
this platform is robust for introgression mapping.  The SFP analysis identified five of 
these seven sites.  However, the SFP analysis also identified ten polymorphic 




The SFP and Goldengate SNP mapping approaches are relatively efficient and 
inexpensive.  However, in our analyses, the Affymetrix SFP and Goldengate 
platforms identified a relatively small number of polymorphic markers (Table I).  The 
low number of markers limits our ability to resolve the introgression boundaries and 
leaves open the possibility of missing smaller introgressions altogether. 
 
The RNA-Seq methodologies clearly identified a much greater number of 
polymorphic loci within the known introgression sites (Table I).  The increased 
marker coverage allowed us to identify the introgression boundaries at a higher 
resolution.  The two introgressions on chromosome 8, however, were exceptional in 
this regard.  The introgression at positions 2.0-3.5 Mb was easily identified by the 
Goldengate approach and the introgression at positions 43.9-47.0 Mb was easily 
identified by the SFP approach.  It is unclear what properties of the chromosome 8 
introgressions cause this phenomenon; the gene content and transcription levels are 
both relatively high in these regions (Libault et al., 2010; Schmutz et al., 2010).  The 
other five larger introgressions were most clearly identified by the RNA-Seq 
approach, regardless of which of the four RNA-Seq analyses was considered. 
 
Importantly, the RNA-Seq approach offers two important benefits that standardized 
mapping platforms do not.  First, the SNP markers identified via RNA-Seq are 
specific to the genetic materials of interest.  By contrast, the soybean Goldengate 
SNP panel is derived from different genetic materials than was used in our study; 
many of the 1536 SNPs would be non-polymorphic between our original parents, 
Clark and T203, and would therefore be uninformative for this study. The RNA-Seq 
data, however, identifies SNPs that are necessarily polymorphic between our genetic 
materials of interest.  The SNPs identified de novo by RNA-Seq can be directly used 
for fine-mapping on subsequent generations of this material using a custom SNP 
genotyping platform, like the MassARRAY (Sequenom, San Diego, CA) or SNPlex 
(Applied Biosystems, Foster City, CA) platforms (Ding and Jin, 2009).  Second, the 
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RNA-Seq data may be mined for transcriptional differences or genetic alterations 
between Clark and IsoClark that may identify candidate genes that drive the 
differential iron susceptibility observed between the lines.  The Affymetrix data will 
also allow for the analysis of transcript differences, however the RNA-Seq data 
provides a larger sampling of transcripts and also permits the possible identification 
of frame-shift or nonsense mutations within introgressed loci. 
 
We noted two primary drawbacks to the RNA-Seq approach.  First, this technology is 
currently more expensive than using standardized platforms.  This problem should 
be mitigated in the near future, as NGS is expected to become more affordable and 
accessible.  Second, this approach targets mRNA transcripts, therefore our marker 
depth is necessarily biased for gene rich regions.  Although we have applied a 
bootstrapping method to correct for gene density biases, severely gene-poor regions 
may not be represented in our analyses.  Additionally, exonic regions tend to have 
more highly conserved sequences than non-coding regions.  Introgression mapping 
could be improved if the next-generation sequencing technology were performed 
directly on DNA rather than RNA.  With current technology, this would provide better 
genomic coverage but may not provide the sequence depth required for confident 
SNP identification at a reasonable cost.  A more cost-effective strategy would be to 
perform comparative NGS on reduced representation genomic DNA libraries (Van 
Tassell et al., 2008; Fu et al., 2010).  As sequencing technologies improve and the 
cost per library decrease, the limitations of sequencing depth and read length will no 
longer be an issue. 
 
Altogether, our data indicate that the RNA-Seq approach offers the greatest depth 
and resolution for mapping most genomic introgressions, however the SFP and 
Goldengate approaches were more efficient for mapping certain introgressions.  The 
combination of SFP, Goldengate and RNA-Seq data does not necessarily assure 
that we have identified all the introgressed loci in these NILs.  For example, when we 
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combined the unique SNPs identified using Method 1 and Method 2, we noted that a 
cluster of four SNPs was identified within a ~480 kb interval on IsoClark 
chromosome 2 (positions 42.35-42.83 Mb).  Intuitively, it would appear that these 
SNPs may define a genetic introgression, however this region was not identified as 
significant by our bootstrap analyses using each Method (1 and 2) individually.  
Using the methods described here, introgressions greater than 0.5-1.0 Mb can be 
efficiently mapped with relatively high resolution, assuming there is an adequate 
level of sequence polymorphism between the parental lines.  However, it may be 
difficult to identify introgressions that are small, located within gene-poor regions, or 
located within regions of low diversity between parental lines.  Identification of such 
introgressions, such as the putative introgression on IsoClark chromosome 2, may 
require “manual” rather than automated analytical approaches, along with sufficient 
validation. 
 
Optimizing NGS RNA-Seq for genetic introgression mapping 
We tested the impact of three different factors on RNA-Seq introgression mapping: 
1) Sequence depth; 2) SNP identification methodology; 3) Post-hoc analysis 
accounting for gene density. 
 
Clearly, the RNA-Seq method is more effective for introgression mapping when the 
sequence depth and tissue sampling range is expanded.  Our data indicates that our 
four-library comparison with different tissue types and treatments identified greater 
than 1.5-times more SNPs than a single-library comparison (Table I).  Consequently, 
introgression sites that were either poorly identified or not identified in the single-
library analysis (namely, the two introgressions on chromosome 8) were more 
confidently identified in the four-library comparison. 
 
We applied two different SNP-identification methodologies to the RNA-Seq data, 
generically called Method 1 and Method 2 (see Materials and Methods).  The two 
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methods were each applied to the RNA-Seq single-library and four-library 
comparisons of Clark and IsoClark.  These two identification methods appeared to 
offer an interesting trade-off in benefits.  Method 1 appeared to be the more 
conservative approach, as it identified fewer SNPs.  However, only 5-7% of the 
SNPs were located outside of the putative larger introgression regions identified by 
SFP and Goldengate genotyping; it is unclear what proportion of these SNPs 
represent false-positive calls.  Method 2 appeared to be the more liberal method, 
identifying far more SNPs than Method 1 (Table I).   A high percentage of SNPs fell 
outside of the putative larger introgressions (~22-38%), indicating that this method 
may foster a higher rate of false-discoveries.  However, Method 2 was more effective 
at identifying recalcitrant introgressions, primarily the two chromosome 8 
introgressions.  It is worth noting that the differential SNP discovery rates of Method 
1 and Method 2 are not necessarily a function of the algorithms used (Li et al., 
2009a, 2009b; Wu and Serban, 2010), but are also influenced by the stringency of 
the identification parameters.  Thus, either method could be performed with greater 
or reduced stringency, as needed by the user. 
 
The post-hoc bootstrap method was used to distinguish true introgressions from 
false-discoveries by accounting for regional SNP clustering rates and gene density 
differences across the genome.  This method proved most valuable when applied to 
the Method 2 SNP calls, as this was the more permissive identification method and 
presumably identified a higher relative rate of false-positives.  The bootstrap method, 
when applied to the Method 2 four-library comparison SNPs, identified all of the 
seven larger introgressions, including the recalcitrant introgressions on chromosome 
8. 
 
The data analyses presented here covered a range of tissues and conditions and 
were performed on a well-studied organism with a set of high-quality predicted gene 
models.  Our analyses indicate several regions of introgression that have been 
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confirmed for two different NILs.  However, had the number of expressed genes 
been significantly lower than what is found in our data sets, it may be prudent when 
accounting for gene density with our bootstrap method to use as input to our scripts 




In this report, we show that SFP, Illumina Goldengate and RNA-Seq are 
complementary methods for identifying genetic introgressions in near-isogenic lines.  
We show that the depth of coverage of SNPs identified from next generation 
sequencing RNA-Seq technology in combination with a bootstrapping method is an 
effective tool for identifying introgression sites.  As new NGS technologies arise (Eid 
et al., 2009; Rusk, 2009) and become more affordable, NGS of genomic DNA at 
greater depth will become feasible for mapping purposes. 
 
Materials and Methods 
 
Plant materials 
Two pair of soybean (Glycine max) NILs were used in this study: 1) A NIL line 
selected for differential iron deficiency chlorosis susceptibility and; 2) A NIL pair 
selected for differential seed protein.  The iron-efficient parent line Clark (PI 548533) 
and the iron-inefficient NIL IsoClark (PI 547430) have been extensively described in 
previous studies (O'Rourke et al., 2007a; O'Rourke et al., 2007b; O'Rourke et al., 
2009).  The IsoClark NIL was derived from crossing Clark with iron-inefficient T203 
(PI 54619), followed by five subsequent backcrosses to Clark.  Subsequent self-
mating yielded the iron-inefficient NIL IsoClark. 
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The seed protein NIL pair were derived from introgressing G. soja (PI468916) into G. 
max (A81-356022) and have been previously described (Nichols et al., 2006; Bolon 
et al., 2010).  The BC5F5 plant P-C609-45-2-2 was heterozygous for the LG I protein 
QTL introgression from G. soja.  The derived BC5F6 NILs segregated for the LG I 
protein QTL introgression.  The BC5F6 line LD04-15154 (HiPro) maintained the 
introgression and the corresponding high seed protein phenotype.  The BC5F6 line 
LD04-15146 (LoPro) segregated out the introgression QTL and exhibited the low 
seed protein phenotype. 
 
RNA sampling of Clark and IsoClark root tissues from iron sufficient and iron limiting 
conditions (10-day and 14-day) 
Clark and IsoClark were grown in hydroponic conditions as described in (O'Rourke 
et al., 2009).  Both genotypes were exposed to two different hydroponic treatments, 
iron sufficient (100 µM Fe(NO3)3) and iron limiting (50 µM Fe(NO3)3).  Roots were 
collected and flash-frozen in liquid nitrogen following ten and 14 days of growth.  
RNA samples were purified from both Clark and IsoClark root tissues using the 
TRIzol method (Invitrogen, Carlsbad, CA) and DNAase treated with the Ambion 
DNA-free kit according to the manufacturer instructions (Applied 
Biosystems/Ambion, Austin, TX).  The samples were then further purified using the 
RNeasy mini kit (QIAGEN Inc., Valencia, CA).  These RNA samples are referred to 
as the ʻ10-day rootʼ and ʻ14-day rootʼ samples, respectively. 
 
RNA sampling of Clark and IsoClark tissues following iron-shock (19-day root and 
leaf) 
Clark, Isoclark and T203 seeds were germinated using germination paper soaked in 
water for 6 days in an growth chamber set at 27 °C. Plants were grown in hydroponic 
conditions as described in OʼRourke et al. (2009) in the greenhouse for 13 days 
which coincided with the fully-open first trifoliate. At this time the plants were placed 
in either iron sufficient or deficient conditions.  Briefly, the plant roots were rinsed in 
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six buckets of water for 15 seconds minimum in each bucket then returned to a fresh 
hydroponic bucket either sufficient in iron (100 µM Fe(NO3)3*9H20) or deficient in iron 
(50 µM Fe(NO3)3*9H20). 
 
Plants were grown for 24 hours in their new iron environment when the trifoliates, 
trifoliolates, and roots were harvested and placed in individual tubes and flash frozen 
in liquid nitrogen until stored at –80 °C. Total RNA was isolated using RNeasy mini 
kit (QIAGEN Inc., Valencia, CA) following the Qiagen protocol for everything except 
the final elution step that was extended by five minutes to optimize RNA 
concentration. Quality was checked using a NanoDrop Spectrophotometer (Thermo 
Scientific, Wilmington, DE).  These RNA samples from root and leaf in iron sufficient 
and deficient conditions are referred to as the ʻ19-dayʼ samples. 
 
RNA sampling of the seed-protein NIL 
Seeds from NILs generated from G. max (A81-356022) and G. soja (PI468916) 
specific for the LG I seed-protein QTL were grown in growth chambers to mimic 
Illinois field growing conditions, as described by Bolon et al. (Bolon et al., 2010).  
Briefly, 14 tissues that included seven stages in seed development were harvested 
from the two near-isogenic lines: HiPro  (LD0-15154) and LoPro (LD0-15146), with a 
high and low seed-protein phenotype.  RNA was extracted as described in Bolon et 
al. (2010).  These RNA samples are referred to as the ʻHiProʼ and ʻLoProʼ NIL 
samples. 
 
Single feature polymorphism analysis 
The 10-day and 14-day root RNA samples were labeled and hybridized to the 
Affymetrix® GeneChip® Soybean Genome Array according to the manufacturerʼs 
instructions (Affymetrix, Santa Clara, CA).  Three biological replicates for each 
genotype by treatment were collected and hybridized. 
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Single feature polymorphisms (SFPs) between Clark and IsoClark were identified 
based on the Affymetrix data as previously described (Xu et al., 2009).  SFPs 
between Clark and IsoClark identified at any of the four levels of comparison (10-day 
iron sufficient, 10-day iron limiting, 14-day iron sufficient or 14-day iron limiting) were 
included in the downstream SFP analyses.  The Affymetrix SFP probes-sets were 
mapped back to the Williams 82 soybean genome reference sequence (Schmutz et 
al., 2010).  T203 genomic introgressions into IsoClark were inferred based on SFP 
co-localization clusters.  
 
Illumina Goldengate mapping 
Clark, IsoClark and T203 DNA samples were purified using the Qiagen DNeasy 
method according to the manufacturer (QIAGEN Inc., Valencia, CA).  These DNA 
samples were genotyped using the Illumina Goldengate 1536-SNP platform for 
soybean, as has been previously described (Hyten et al., 2010). 
 
Illumina Next-generation sequencing of RNA 
lllumina next generation sequencing platform was used to identify SNPs between 
Clark and IsoClark.  The three Clark and IsoClark RNA biological replicates from the 
10-day root tissues in the iron limiting condition were pooled within each genotype 
and submitted for next generation sequencing analysis.  Similarly, the 19-day root 
and leaf RNA samples grown in iron sufficient and deficient conditions were each 
pooled among three biological replicates within each genotype and submitted for 
next generation sequencing analysis. Therefore, eight different pooled samples from 
the 19-day study were sequenced, consisting of Clark root and leaf in stressed and 
unstressed conditions and IsoClark root and leaf in stressed and unstressed 
conditions. 
 
RNA-Seq data acquisition from Illumina sequencing methods were carried out by the 
National Center for Genome Resources (NCGR).  These techniques along with 
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RNA-Seq data analysis methods for the seed-protein NILs have been previously 
described in “RNA-Seq Atlas of Glycine Max” by Severin et al. (in press).  Breifly, 
poly-A containing RNA isolated from total RNA was converted to cDNA.  Illumina 
adapters were added by ligation and size selected by electrophoresis for ~500 bp 
fragments.  The purified DNA libraries were PCR amplified for 15 cycles and 
assessed by Nanodrop ND-1000 for quality and quantity before loading onto an 
Illumina flow cell.  Short reads of size 36 bp were obtained and processed through 
image analysis, base-calling quality filtering, and per base confidence scores.  
Sequence reads were then aligned to the 8X soybean genome sequence assembly 
(Glyma1.01 genome assembly).  The unique reads obtained from the alignment 
were normalized using RPKM (Reads/Kb/Million) and used to approximate digital 
gene expression values for the predicted gene models. 
 
Next-generation sequencing SNP discovery using Method 1 
Software SOAP2 (Li et al., 2009b) and SOAPsnp  (Li et al., 2009a) were used for 
SNP discovery between Clark and IsoClark genotypes using an RNA-Seq single-
library comparison (the 10-day iron limiting root samples).  A customized pipeline 
was developed for this analysis.  Briefly, 15,260,698 36-base read sequences of 
Clark and 15,636,639 reads of IsoClark from Illumina sequencing were aligned to the 
soybean genome sequence (Schmutz et al., 2010) using SOAP2, respectively.  Only 
the unique alignment hits were selected by setting the program parameter r=0.  All 
position loci of the alignment files were screened by SOAPsnp for SNPs, and pair 
compared between Clark and IsoClark.  The potential SNPs were selected using 
criteria of minimum base-call quality of ten, average quality of 20, minimum best hits 
of four, and not an ambiguous base (SNP ≠ “N”). 
 
In order to plot the SNP alignment, all short read sequences that encompassed the 
SNP positions were extracted from the original Illumina read files. For each SNP, the 
short reads of Clark and IsoClark, and the 68-base genomic sequences that 
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encompass the SNPs in the middle were aligned by using emma of EMBOSS suite 
(Rice et al., 2000). The aligned sequences were plotted using EMBOSS prettyplot 
program. 
 
The locations of the SNPs discovered were extracted and an R script was created 
for mapping these SNPs onto soybean chromosomes using a 1000 base window 
size.  The protocol described above is referred to as the RNA-Seq ʻMethod 1ʼ. 
 
To determine the difference in sensitivity between an RNA-Seq single-library 
comparison and a four-library comparison, Method 1 was also applied to the four 19 
day samples of Clark and IsoClark: root under sufficient iron conditions, root under 
iron limiting conditions, leaf under iron sufficient conditions and leaf under iron 
limiting conditions.  The pooled 19 day samples contained 32,030,175 36-base read 
sequences in Clark and 59,273,647 read sequences in IsoClark. 
 
Next-generation sequencing SNP discovery using Method 2 
For comparison, the software GSNAP (Wu and Serban, 2010) was also used for 
SNP discovery between Clark and IsoClark genotypes on the RNA-Seq single-library 
comparison (the same 10-day iron limiting root samples as was used for Method 1) 
and the 19 day four-library comparison.  Briefly, Clark and IsoClark reads from 
Illumina sequencing were each aligned to the soybean genome sequence using 
GSNAP.  The alignment program was set to allow for alignment over a splice 
junction.  Alignments of short read sequences without at least 34 matches were not 
considered.  The following requirements were also needed for a SNP to be called: a 
minimum of two unique alignments calling the SNP, average base-call quality of 20 
and minimum of 80% of the reads uniquely aligned to the position calling the SNP.  
SNPs were further screened for a minimum of short read coverage of four and a 
difference in allelic frequency between the NILs of 50%. The protocol described 
above is referred to as the RNA-Seq ʻMethod 2ʼ. 
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Statistical significance and visualization of SNP clusters 
A specific number of SNPs were found on each chromosome using Method 1 and 
Method 2.  To determine which regions on the chromosome had a significantly 
higher density of SNPs than might be found by random chance, the same number of 
SNPs found on each chromosome was simulated using a bootstrapping protocol 
(Supplemental File S1).  Since the sequence used to identify SNPs was taken from 
protein coding regions, the locations of the simulated SNPs were generated from the 
average position of each gene on the chromosome chosen at random.  The 
chromosome was divided into 500,000-nucleotide tandem intervals, resulting in a 
total of 1908 intervals analyzed across the 20 chromosomes.  The average number 
of simulated SNPs and standard deviation within each 500,000-nucleotide interval 
were determined from 1000 simulations.  SNPs in an interval were considered 
significant if the number of SNPs was greater than three standard deviations above 
the simulated SNPs in the interval and the total SNP count in the interval was three 
or more.  Once the intervals with significant SNP clustering were determined, these 
regions were plotted onto a scaled version of each chromosome using the rectangle 
drawing function in R. The protocol described above is referred to as the ʻbootstrap 
methodʼ. 
 
Laboratory confirmation of genomic introgressions identified in silico 
Genomic regions identified as candidate introgressions were identified and a small 
portion of the sequence in the region was extracted from Soybase 
(http://soybase.org). Primers were used to PCR amplify Clark, Isoclark and T203 
DNA.  PCR reactions were conducted using a touchdown method starting with a 60 
°C annealing temperature and decreasing by half a degree each cycle for 29 cycles. 
Choice Taq (Denville Scientific, Metuchen, NJ) was used and PCR reactions were 
at concentrations according to the manufactures protocol.  
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PCR products were cleaned using an exonuclease 1 and shrimp alkaline 
phosphatase (EXO/SAP) method. Cleaned PCR products were used in a cycle 
sequencing reaction. The sequencing protocol was adapted from the Applied 
Biosystems BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, 
Foster City, CA). Sequencing was done on an Applied Biosystems 3730xl 96-
capillary 50 cm array DNA analyzer. Sequence was end trimmed using Applied 
Biosystems Sequence Analysis v5.2 (Applied Biosystems, Foster City, CA). 
Sequence ends were trimmed until fewer than four of 20 bases had quality scores 
less than 20.  The sequences generated from each primer pair were aligned using 
Sequencher v4.9 (Gene Codes Corporation, Ann Arbor, MI). 
 
Additionally, single sequence repeat (SSR) markers were chosen from Soybase 
(Soybase.org) in candidate regions of introgression in the IsoClark line.  PCR 
reactions were conducted using a touchdown method starting with a 60 °C annealing 
temperature and decreasing by half a degree each cycle for 29 cycles. Choice Taq 
(Denville Scientific) was used and PCR reaction was at concentrations according to 
the manufactures protocol. Bromophenol blue loading dye was added to the PCR 
reaction and loaded onto a 6% polyacrylamide gel ran 250 volts for 2.5 hrs. Bands 
were visualized at 312 λ using a grayscale digital camera (Scion Corporation). The 
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Table 1. Introgression mapping comparison 
 
Comparison of Clark-IsoClark polymorphism rates at larger introgression sites using 
three different genotyping platforms.  The number of SNPs identified from the RNA-
seq data depends on the SNP-calling algorithm and the number of libraries 
compared (Single-library comparisons versus four-library comparisons).  The RNA-
seq method 1 and method 2 analyses protocols are described in the “Materials and 





Figure 1.  Chromosomal positions of Affymetrix SFPs and Goldengate SNPs 
identified between Clark and IsoClark.  Chromosomes are labeled at the top 
according to number and centromere positions are shown as open circles.  Red lines 
indicate the physical map positions of Affymetrix SFPs and blue lines indicate the 
physical map positions of Goldengate SNPs.  Genomic regions co-incident for both 
SFPs and SNPs are indicated with yellow boxes and genomic regions exhibiting only 






Figure 2.  Significant intervals of SNP clustering between the Clark and IsoClark 
lines were found on six chromosomes: 3, 4, 5, 8, 13 and 16 as determined from the 
bootstrap method. Chromosomes are labeled on the left according to number and 
centromere positions are shown as open circles. Vertical boxes indicate 500,000-
nucleotide intervals. The number of SNPs found in each interval is indicated above 
the interval. A) Clustering of SNPs obtained from the 10-day root data using Method 
1 on the single-library comparison. B) Clustering of SNPs obtained from the 10-day 
root data using Method 2 on the single-library comparison. C) Clustering of SNPs 
obtained from the 19-day root and leaf data using Method 1 on the four-library 
comparison. D) Clustering of SNPs obtained from the 19-day root and leaf data 






Figure 3.  Significant clusters of SNPs for the seed protein lines were found on three 
chromosomes: 16, 18 and 20 as determined from the bootstrap method.  
Chromosomes are labeled on the left according to number and centromere positions 
are shown as open circles.  Vertical boxes indicate 500,000-nucleotide intervals. 
SNPs were identified via Method 2.  The number of SNPs found in each interval is 
indicated above the interval. SNPs were clustered from the seed-protein data that 
contained 14 libraries for each NIL. 
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SNPs identified by Method 1 on the single-library comparison. 
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SNPs identified by Method 2 on the single-library comparison. 
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SNPs identified by Method 1 on the four-library comparison. 
 
Supplemental Table S4 
SNPs identified by Method 2 on the four-library comparison. 
 
Supplemental Table S5 
SNPs identified by Method 2 on the seed protein NIL pair. 
 
Supplemental File S1 




Chapter 4. Identification of candidate genes underlying an iron-efficiency QTL 
in soybean 
 
A paper submitted to Plant Physiology 2011 
 
 
Gregory A. Peiffer1, Keith E. King1, Andrew J. Severin1, Gregory D. May2, Silvia R.  
Cianzio1, Shun Fu Lin3, Nicholas C. Lauter4, and Randy C. Shoemaker4 
 
1Department of Agronomy, Iowa State University, Ames, IA USA 
2National Center for Genome Research, Santa Fe, NM USA 
3Department of Agronomy, National Taiwan University, Taipei, Taiwan (R.O.C) 





Prevalent on calcareous soils in the United States and abroad, iron deficiency is 
among the most common and severe nutritional stresses in plants.  In soybean 
commercial plantings, identification and use of iron-efficient genotypes has proven to 
be the best form of managing this soil-related plant stress.  Previous studies 
conducted in soybean identified a significant iron-efficiency QTL explaining > 70 % of 
the phenotypic variation for the trait.  In this research, we identified candidate genes 
underlying these QTL through molecular breeding, mapping and transcriptome 
sequencing.  Introgression mapping was performed using two related near-isogenic 
lines in which a region located on soybean chromosome 3 required for iron-efficiency 
was identified.  The region corresponds to the previously reported iron-efficiency 
QTL.  The location was further confirmed through QTL mapping conducted in this 
study.  Transcriptome sequencing and qRT-PCR identified, two genes encoding 
transcription factors within the region that were significantly induced in soybean roots 
under iron stress.  The two induced transcription factors were identified as homologs 
of the subgroup lb bHLH genes in that are known to regulate the strategy I response 
in A. thaliana.  Re-sequencing of these differentially expressed genes unveiled a 
significant deletion within a predicted dimerization domain.  We hypothesize this 
deletion disrupts the FIT / bHLH heterodimer that has been shown to induce known 




Iron deficiency chlorosis (IDC) is a worldwide concern.  In soybean a 20% yield 
reduction has been reported for each one-point increase in iron chlorosis score 
(Froehlich and Fehr, 1981).  Hansen et al. (2003) estimated an annual loss of 120 
million dollars due to IDC in the United States alone.  Soybean bushels are selling 
approximately seven dollars higher today than in 2004, increasing the estimated 
current revenue losses to over 260 million dollars.   
 
Iron is one of seven essential micronutrients required for plant growth (Crosa, 1989).  
If concentrations of micronutrients within the plant are too high, they become toxic 
and will stunt growth in the same fashion as an insufficiency (Havlin et al., 1999).  
Iron deficiency is one of the most common micronutrient deficiencies in the world 
due to alkaline soil conditions (pH > 8) that maintain ferric (Fe3+) iron in an insoluble 
state unavailable to some plant genotypes.  Conversely, most plants are able to 
uptake and utilize soluble ferrous (Fe2+) iron, prevalent in soils with pH ranging from 
6.5 to 7.5 (Havlin et al., 1999).  Iron deficiency in plants is commonly an issue of iron 
availability and not one of iron supply, as iron is the fourth most abundant element 
on the earthʼs surface.  
 
Iron deficiency chlorosis (IDC) is caused by a decrease in photosynthetic pigments 
(Chlorophylls a/b, Carotene, Xanthophylls, etc.), in addition to a reduced electron 
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transport potential and a significant reduction in the thylakoid system (Spiller and 
Terry, 1980; Terry, 1980; Taylor et al., 1982).  Symptoms of IDC vary from 
interveinal yellowing to complete necrosis (Cianzio, 1979; Havlin et al., 1999), which 
most genotypes overcome at the end of the growing season, however, severity of 
chlorosis is tightly correlated with end-of-season yield losses (Inskeep and Bloom, 
1987).  
 
The best way to manage IDC is through the use of Fe efficient varieties in 
commercial plantings.  This is the reason why so much research has been devoted 
to identifying genetic markers associated with iron-efficiency for use in breeding 
programs.  Work by Lin et al. (1997), showed that there are two genetic models to 
explain IDC resistance at the molecular level, which had been previously identified 
by classical genetic studies (Cianzio et al., 1980; Cianzio and Fehr, 1982).  One 
model involves a single major gene with modifiers (Cianzio et al., 1980) identified in 
the Anoka x A7 population, the associated  QTL was located on chromosome 3 
explaining >70% of the phenotypic variation (Lin et al., 1997).  The second model 
involved multiple genes (Cianzio and Fehr, 1982) identified in the PrideB216 x A15 
population which represented a classic quantitative mode of inheritance. Lin et al., 
(1997) was unable to identify QTL in this population.   
 
All plants except the Poaceae family have adapted what is known as the Strategy I 
response (Marschner et al., 1986) in order to reduce and acquire Fe+2 from soils.  In 
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Strategy I, plants pump protons across the plasma membrane via an H+-ATPase to 
acidify the surrounding soil (Fox and Guerinot, 1998).  The resultant acidification 
helps solubilize unavailable ferric iron.  A ferric-chelate reductase (FRO2) reduces 
chelated Fe3+ into available Fe2+ (Walker and Connolly, 2008).  The reduced iron 
(Fe+2) is transported across the plasma membrane via an iron-regulated transporter 
(IRT1) (Korshunova et al., 1999).  Recently, work in Arabidopsis thaliana and 
Lycopersicon esculentum has made great strides at elucidating plant responses to 
iron limiting conditions.  The response is initiated by an unknown factor that results 
from the recognition of low cellular iron, which then activates transcription factors 
AtFIT, AtbHLH038, and AtbHLH039 (Bauer et al., 2007; Wang et al., 2007).  Yuan et 
al. (2008) showed that in A. thaliana AtFIT/AtbHLH038 or AtFIT/AtbHLH039 was 
capable of initiating GUS expression when regulated by AtFRO2 and AtIRT1 
promoters.  Their results suggested that AtFIT binds as a heterodimer to either 
AtbHLH038 or AtbHLH039 to initiate expression of AtFRO2 and AtIRT1 under iron 
limiting conditions (Yuan et al., 2008).  
 
Soybeans have a production disadvantage when they are unable to evoke an 
effective iron deficiency stress response.  Near-isogenic lines (NILs) differing in their 
response to iron were developed by the USDA-ARS in the early 1970ʼs (Bernard, 
1975) and have become some of the standard lines for IDC research in soybean.  
From this work, two lines identified as PI 547430 and PI 547698 resulted from the 
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cross between Clark (PI 548533)(6) x T203 (PI 54619) and Harosoy (PI 548573)(6) x 
T203 (PI 54619) respectively.  
 
Introgression mapping is a viable method for delineating the genetic differences 
between NILs (Nichols et al., 2006; King et al., 2007).  Nichols et al. (2006) showed 
that fine mapping of NILs could identify introgressed regions in chromosomes.  They 
further showed that additional rounds of backcrossing could narrow the introgression 
and help identify candidate genes.  More recently, SNPs generated from next 
generation sequencing of NILs have been used effectively to map introgressions 
(Severin, Peiffer et al., 2010).  Severin and Peiffer et al. (2010) identified multiple 
genomic regions from T203 that were back-crossed (introgressed) into PI 547430 
(Clark background).  An introgression on chromosome 3 was significantly larger than 
the other small introgressions scattered throughout the genome.  It is also 
noteworthy that the Gm03 introgression identified within the NILs using SNPs from 
next generation sequencing is positionally coincident with the position of the major 
QTL identified in the Anoka x A7 population (Lin et al., 1997; Severin, Peiffer et al., 
2010).  Mapping the T203 introgression in the other T203 derived NIL, PI 547698 
(Harosoy background), will confirm the importance of this genomic location for iron-
efficiency. 
 
A microarray study in the Clark / PI 547430 NILs revealed that the number of 
induced genes in Clark under iron limiting conditions was more than four times that 
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of the iron-inefficient PI 547430 (O'Rourke et al., 2009).  Furthermore, the induced 
genes cluster in the genome, however the clusters did not correlate with any of the 
11 previously identified QTL (Lin et al., 1997; O'Rourke et al., 2009).  For this reason 
it was hypothesized a gene(s) within the known iron-efficiency QTL acts transiently 
to initiate the iron stress response of genes residing outside of the known QTL 
region: presumably a transcription factor.  
 
In this paper, we identify a region on chromosome 3 that is required for iron-
efficiency and is shared between multiple populations.  Candidate genes within the 
region as well as gene expression differences between near-isogenic lines were 
identified.  Furthermore we characterize potentially significant alleles between iron-
efficient and iron-inefficient lines.  We also discuss how these alleles may alter gene 




Identification of the T203 introgressions in two NILs 
USDA-ARS scientists generated NILs by crossing the iron-efficient recurrent 
parents, Clark (PI 548533) and Harosoy (PI 548573) with an inefficient donor parent, 
T203 (PI 54619).  The resulting F2 progeny were screened for iron-efficiency then 
backcrossed to the recurrent parent for five generations to create the iron-inefficient 
NIL.  The genetic material from T203 introgressed into each efficient background 
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therefore presumably contains the gene(s) required to induce an iron-inefficient 
response in an otherwise efficient background (Bernard, 1975).  
 
Identification of the introgressed DNA within the NIL genome was accomplished 
through a genome-wide survey using greater than 860 published simple sequence 
repeat markers (SSRs), available at Soybase.org (composite map 2003, 
Soybase.org).  At least one marker representing the allele from the donor parent 
(T203) was detected on 12 of the 20 chromosomes for each background, Clark and 
Harosoy.  Only on chromosome 3 (Gm03) was an introgressed region common for 
the two NILs (Table 1).  PI 547430 and T203 shared alleles for markers Satt387 -> 
Sat_125 and PI 547698 and T203 shared alleles for markers Sat_275 -> Satt339 
(Figure 1).  In each NIL the region contained ~37% of all the introgressed markers.   
 
A comparison of the overlapping region between the two pairs of NILs allowed for 
the region of interest to be narrowed to the 4.2 Mbp overlap (Satt387 -> Satt339) 
(Figure 1).  Since, there were no other overlapping regions on any of the other 
chromosomes, it is likely that the gene(s) controlling iron-efficiency within the 
Clark/Harosoy NILs resides within this region.  The region of introgression overlap 
on Gm03 correlates with the location of a known iron-efficiency QTL in an A7 x 
Anoka population (Lin et al., 1997; Lin et al., 2000).  The iron-inefficient parent of this 
population, Anoka, is the result of a three-way cross between (Lincoln2 x Richland) x 
Korean.  It is important to indicate that Clark, one of the parents of the NIL, also 
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originated from the same single cross of (Lincoln2 x Richland), later used as a parent 
in the tree-way cross from which Anoka was developed.  Although Anoka was not 
generated in the same fashion as the two NILs, markers screened against Lincoln, 
Richland, Korean, and Anoka identified a region corresponding to the NIL 
introgression in which Anoka and Korean shared marker alleles (data not shown), 
suggesting transfer of genetic material within this region from the inefficient parent, 
Korean, to Anoka. 
 
High density mapping of the Anoka x A7 QTL 
Integrating the genetic map developed by Lin et al. (1997) with previously mapped 
SSRs and newly available BARCSOYSSRs (Song et al., 2010) resulted in a higher 
density genetic map.  The 1993 and 1994 combined visual phenotypic data collected 
by Lin et al. (1997) was reanalyzed using the integrated map.  The QTL on Gm03 
was reconfirmed with a LOD score of 15.29, which is significantly higher than the 
permutated genomewise LOD cutoff value of 3.8 (Figure 2).  The QTL region 
identified in 1997 spanned Gm03 from Sat_33 -> BLT_15.  By placing additional 
markers on the map the predicted QTL region on Gm03 was significantly narrowed 
using the integrated map (Sat_33 -> S03_1129) (Figure 2).  
 
Reducing the donor parent introgression in PI 547430 
Following the identification of the T203 introgressed region in the iron-inefficient NIL 
PI 547430, further backcrossing to the recurrent parent (Clark) resulted in a BC6 
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population of PI 547430 during the summer of 2009 (Ames, IA).  Two hundred cross 
pollinations were performed and 156 resulted in seed set.  Seed from the crosses 
were planted in the greenhouse during the winter 2009/2010.  Four SSR markers 
within the introgressed region were used for screening, to distinguish between plants 
that resulted from crosses or self-pollinated seeds.  From these checks, 98 F1 
plant/F2 seed families were confirmed as true hybrids.  In summer 2010, 40 seed of 
each confirmed plant/family were planted at Bruner farm (Ames, IA).  
 
Leaf tissue was harvested early in the growing season, at plant stage V2, in order to 
genotype the nearly 6000 plants in the field.  An initial round of genotyping was 
performed with four markers to identify plants with crossovers within the introgressed 
region (Sub-NILs).  From this initial screen, 480 plants were identified with a 
recombination within the region and chosen for additional marker analysis to identify 
potentially narrowed introgression regions.  Twenty-nine plants were identified as 
fitting into 10 different sub-NIL classes, segmenting the introgressed region (Figure 
3).  
 
Phenotypic analysis of lines with narrowed introgressions 
Phenotyping of the lines representing various recombinant classes was performed 
during winter 2010/2011.  Plants were scored for iron chlorosis symptoms using the 
standard visual 1-5 scale and a Minolta SPAD-502 chlorophyll meter.  Two 
replications, with eight plants each, were grown hydroponically in iron limiting 
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conditions in the greenhouse.  The recombinant classes segregated into two groups, 
those with introgressions originating from the left and those originating from the right 
side of the original PI 547430 introgression (Figure 3).  Visual and SPAD score 
averages for each of the two groups and controls (Clark and PI 547430) were 
compared.  Interestingly, the visual score and SPAD averages for all categories 
containing the donor parent allele for Satt387 were not significantly different from the 
averages for PI 547430 (P-value: 0.7366 / 0.8202) allele.  Visual and SPAD 
averages for all classes containing the Clark allele for Satt387 were not significantly 
different from the averages of Clark (P-value: 0.0864 / 0.3051).  Of the classes 
containing the donor parent allele for Satt387 class 1 contains the least amount of 
T203 derived DNA.  Recombinant class 1 was not phenotypically different from the 
other introgressions containing the T203 allele for Satt387 (p-value = 0.097).  Thus, 
we could narrow the donor parent introgression in PI 547430 from ~ 6 million down 
to just over 1 million base pairs. 
 
Fine mapping recombinant class 1 
Recombinant class 1, consisting of the F2:3 family 4-25, contained the least amount 
of T203 alleles conferring iron-inefficiency.  Eight plants from the 4-25 family were 
genotyped with 17 additional SSR markers to identify more precise recombination 
intervals.  Five shared a recombination interval of S03-1141 -> S03-1155 (Figure 4).  
Three shared an even narrower recombination interval between S03-1110 and S03-
1112 (Figure 4).  The average phenotypic score for the two subgroups of plants 
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within class 1 were not significantly different from each other (p-value = 0.2552).  
The introgression was therefore further narrowed to the ~250kb region identified by 
the three 4-25 plants with the recombination interval of S03:1110 -> S03:1112.  The 
narrowing of this introgression significantly reduced the number of candidate genes 
from hundreds of genes down to eighteen genes potentially controlling the iron 
stress response in the NILs. 
 
Next-generation sequencing, RNA-Seq, analysis of NILs 
RNAseq was performed in replicate on RNA isolated from Clark leaves and roots 24 
hours post iron stress.  Eight libraries were constructed and sequenced producing 
165,968,390 reads.  The reads were then mapped to the soybean gene calls using 
Bowtie / Tophat (Trapnell et al., 2009).  Differential gene expression between 
sufficient and iron insufficient conditions was determined using an FDR threshold of 
0.05 in Cuffdiff (Roberts et al., 2011).  The eighteen genes within the narrowed 
Gm03 introgression were examined in the RNA-seq data to determine their 
expression differences between iron sufficient and iron insufficient conditions (Table 
2).  In both replicates only two of the 18 genes were significantly differentially 
expressed in the roots, Glyma03g28610 and Glyma03g28630.  The two genes share 
87.8% peptide similarity and are homologous to the Arabidopsis thaliana AtbHLH038 
with 66.7 and 63.9% peptide similarity respectively.  The expression of the genes 
was significantly increased (p<0.05) under iron stress conditions compared to that of 
the iron-sufficient condition.  Expression of the two genes was also restricted to the 
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roots and expression was not detected in leaves of plants grown in stressed or non-
stressed conditions.  The leaves showed differential expression of six genes within 
the identified introgression (Glyma03g28450, Glyma03g28490, Glyma03g28590, 
Glyma03g28480, Glyma03g28510 and Glyma03g28570) in one of the two biological 
replicates but not in the other.  When the two replicates were combined, four of the 
genes were confirmed as differentially expressed (Glyma03g28450, 
Glyma03g28490, Glyma03g28480 and Glyma03g28570) (Table 2).  Within the 
narrowed introgression four genes were identified as transcription factors 
(Glyma03g28610, Glyma03g28630, Glyma03g28500, and Glyma03g28440) (Wang 
et al., 2010).  
 
Gene expression comparison between Clark and PI 547430 
Previous studies in A. thaliana have shown that AtbHLH038 is induced under iron 
limiting conditions (Yuan et al., 2008).  In our study, homologs of this gene 
(Glyma03g28610/28630) were also induced. qRT-PCR  was used to confirm the 
expression pattern of these genes identified through RNA-seq analysis.  qRT-PCR 
confirmed the results of the RNA-seq.  Both genes showed a greater than two-fold 
induction under Fe-insufficient conditions (Table 3).  While RNA-seq data was not 
generated for PI 547430, qRT-PCR expression analysis was performed on the same 
genes in the inefficient NIL.  A greater than two-fold induction of Glyma03g28610 
and Glyma03g28630 was observed in PI 547430 under iron stress conditions (Table 
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3).  Clark and PI 547430 did not show a significant difference in the expression 
levels of these genes under iron stress conditions.   
 
In A. thaliana, it has been shown that AtFIT binds AtbHLH038 as a heterodimer to 
activate AtFRO2 and AtIRT1 (Yuan et al., 2008).  We used the available RNA from 
Clark and PI 547430 to investigate the expression patterns of these downstream 
genes.  We identified the soybean homologs of the A. thaliana genes using peptide 
similarity and found that Glyma07g07380 (GmFRO2) is homologous to AtFRO2 with 
72.5% peptide similarity.  Glyma07g34930 (GmIRT1) is homologous to AtIRT1 with 
77.7% peptide similarity, and Glyma12g30240 (GmFIT) is homologous to FIT with 
62.1% peptide similarity.  Using primers designed from these genes qRT-PCR 
showed that Clark induced Glyma03g28610, Glyma03g28630, GmFIT, and the two 
downstream genes GmFRO2 and GmIRT1 under iron stress (Table 3).  PI 547430 
had significant induction of GmIRT1 yet failed to induce GmFIT or GmFRO2 under 
iron stress even with high Glyma03g28610 and Glyma03g28630 expression (Table 
3).  The expression levels of GmFIT, GmFRO2 and GmIRT1 in Fe stressed Clark 
were significantly greater (3, 5 and 2.5-fold respectively) than that of PI 547430 
under Fe stress. 
 
gDNA sequencing of differentially expressed transcription factors 
Glyma03g28610 and Glyma03g26830 were the only two transcription factors found 
to be differentially expressed within this region.  These two genes were sequenced 
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in Clark, Anoka and T203 to determine if allelic differences could be identified 
through sequencing analysis.  Allelic differences were identified between the iron-
efficient Clark and the iron-inefficient T203 and Anoka.  A twelve base pair deletion 
was identified in Glyma03g28610 (Gm03:36552946..36552957) an in-frame four 
amino acid deletion (PELQ).  Primers were designed to identify the presence or 
absence of the deletion and used to screen Harosoy, Lincoln, Richland, A7, Korean, 
PI 547698 and PI 547430.  The twelve base pair deletion was identified only in the 
iron-inefficient cultivars (Anoka, Korean, T203, PI 547698 and PI 547430).  It was 
not detected in the iron-efficient genotypes (Clark, Harosoy, Lincoln, Richland and 




Whittling donor parent introgressions 
In this report we have narrowed a large list of candidate genes derived from a 
classical genetic QTL study down to a manageable list of eighteen genes.  Two of 
the candidate genes are homologous to genes in A. thaliana known to play a major 
role in iron acquisition.  We used a variety of mapping techniques and additional 
backcrossing of NILs to narrow the region of interest on chromosome 3 down to a 
250 kb region.  The research reported herein shows that using the whole genome 
sequence of soybean, classical genetics and genomic technologies, we were able to 
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identify the genes underlying a QTL previously identified by Lin et al. (1997), nearly 
15 years ago. 
 
We investigated two sets of near isogenic lines sharing a common donor parent and 
identified regions of the genome introgressed from the donor parent into each of the 
recurrent parents.  The results reported here using SSR markers to delineate the 
T203 introgressions in the PI 547430 NIL confirmed the introgressions using SNPs 
reported by Severin et al. (2010).  However, by also mapping T203ʼs introgression 
into Harosoy we were able to significantly decrease the proportion of the 
introgressed region likely to contain the gene(s) involved in the iron stress response.  
The use of the common donor parent allowed for the overlay of the two maps.  
Fortunately, the introgressed regions in each NIL shared only a small overlap, which 
allowed for further dissection of this region down to 4.2 Mb (Satt387 -> Satt339).  
 
Early IDC QTL studies used the mapping population Anoka x A7 to identify an iron-
efficiency QTL on chromosome 3 that was responsible for > 70% of the phenotypic 
variation (Lin et al., 1997).  Since the late 1990ʼs the marker density on the soybean 
genetic map has been greatly improved.  It was for this reason that the population 
used in this early QTL study was rescreened with the approximately 900 newly 
available SSR markers (Soybase.org).  Using the original phenotypic data the major 
QTL on chromosome 3 was reconfirmed in our study and further refined.  Lin et al. 
(1997) hypothesized that the QTL on chromosome 3 was the result of a single major 
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gene within the QTL responsible for their phenotypic observations.  Our findings with 
the NIL mapping in both the Harosoy and Clark backgrounds support their 
hypothesis in addition to reconfirm the single major QTL in the Anoka x A7 mapping.  
 
To identify the gene(s) responsible for Fe inefficiency within the QTL, it was 
necessary to narrow the list of candidate genes.  Previous studies have shown that 
additional backcrosses in NIL populations allows for narrowing the introgression 
boundaries (Nichols et al., 2006).  The successes seen in this approach led us to 
develop the sixth backcross of PI 547430 to the recurrent parent Clark during 
summer 2009.  We identified two distinct phenotypic classes; those containing the PI 
547430 allele for Satt387 that displayed IDC symptoms similar to that of PI 547430 
and those with the Clark allele for Satt387 that were healthy.  We were further able 
to delineate the region with the use of 17 previously unmapped BARCSOYSSRs 
(Song et al., 2010).  Recombinant class 1 harbored plants with two distinct 
recombination intervals not significantly different from each other with respect to IDC 
response.  From this we were able to narrow the genetic interval further to a 
manageable 250 kb region significantly reducing the number of candidate genes 
from > 800 down to a mere 18.  The 250kb region co-locates with the Anoka x A7 
QTL to the centromeric side of the introgression overlap indicating that the Anoka x 




Candidate gene expression  
OʼRourke et al. (2009) performed microarray studies using the Clark/PI 547430 NIL 
and hypothesized that regulatory elements within the known iron QTL were 
responsible for gene expression changes of known iron genes located outside the 
QTL region.  Our study supports that hypothesis.  Four of the eighteen genes 
identified within the narrowed introgression were annotated as transcription factors 
Glyma03g28440, Glyma03g28500, Glyma03g28610, and Glyma03g28630 (Wang et 
al., 2010).  Two of these genes Glyma03g28610 and Glyma03g26830 are interesting 
as they are homologs of A. thaliana AtbHLH038. AtbHLH038 is a member of a 
subgroup of bHLH genes known as lb bHLH genes and have been shown to be 
induced upon iron stress (Yuan et al., 2008).  It has been proposed that AtbHLH038 
can bind as a heterodimer to AtFIT to enhance the expression of the downstream 
iron acquisition genes, AtFRO2 and AtIRT1 (Yuan et al., 2008).  Polymorphisms in 
these two transcription factors likely underlie the QTL in question. Of the 18 genes 
identified within the narrowed region of interest, Glyma03g28610 and 
Glyma03g28630 were induced upon iron stress and were the only two genes found 
to be significantly differentially expressed in the roots and the only two transcription 
factors differentially expressed in either the roots or the leaves.  qRT-PCR confirmed 
the expression trends of Glyma03g28610 and Glyma03g28630 in addition to the 
soybean homologs of AtFIT, AtFRO2 and AtIRT1. LeFER, the AtFIT homolog in L. 
esculentum is not induced upon iron stress (Ling et al., 2002) whereas AtFIT is 
induced upon iron stress along with AtbHLH038/039, which initiate expression of 
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AtFRO2 and AtIRT (Yuan et al., 2008).  We have shown that FIT expression in 
soybean corresponds with the induction observed in A. thaliana and not L. 
esculentum as soybean induces GmFIT expression upon iron stress.  
 
Transcriptome analysis was not conducted on PI 54730, however by using qRT-PCR 
we were able to investigate the inefficient NILʼs response to iron stress at the gene 
expression level. PI 547430 showed no significant change in GmFIT or GmFRO2 
expression between iron sufficient and iron insufficient conditions, however GmIRT1 
was still induced greater than two fold though significantly less than that of Clark.  
AtIRT1 is typically thought to have coordinate expression with AtFRO2 (Connolly et 
al., 2003), however our results showed a significant difference in the coordinated 
induction of GmFRO2 and GmIRT in PI 547430 under iron limiting conditions.  The 
lack of GmFRO2 induction is quite significant since the reduction of Fe3+ to Fe2+ at 
the rhizosphere has been shown to be a rate-limiting step for iron uptake (Grusak et 
al., 1990; Connolly et al., 2003).  
 
Although not analyzed in depth in this study, six genes were differentially expressed 
in Clark leaves. Of these genes Glyma03g28570 stands out.  It is annotated in the 
KEGG database (Kanehisa and Goto, 2000) as a member of the two-component 
response regulator ARR-A family.  To et al., (2004) identified the Type-A Arabidopsis 
response regulators as having a negative role in the regulation of cytokinins.  
Recently, Seguela et al. (2008) identified for the first time that cytokinins were 
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involved in regulation of AtFIT, AtFRO2 and AtIRT1.  Potentially Glyma03g28570 is 
another one of the underlying genes behind the significant effects of this iron-
efficiency QTL. 
 
Interestingly, in the Anoka x A7 mapping population the iron-inefficient parent Anoka 
was derived from a cross between (Lincoln2 x Richland) x Korean.  Clark, the iron-
efficient recurrent parent used in the earlier NIL mapping, was also derived from a 
Lincoln2 x Richland cross.  From this we would hypothesize that Korean donated the 
iron-inefficient allele(s) in Anoka.  We mapped two distinct blocks of SSRs containing 
alleles derived from Korean on chromosome 3 which corresponded with the 
overlapped introgression identified by both of the NILs (data not shown).  The 
identification of the same genomic region in the NIL and QTL mapping studies along 
with the twelve base pair deletion in Anoka and Korean strongly indicates 
Glyma03g28610 or another gene(s) within this region as having a major effect on the 
iron-efficiency of soybean.  Furthermore, if the dimerization capabilities of this 
AtbHLH038 homolog are in fact hindered by the twelve base pair deletion it could 




The lack of a significant gene expression change for Glyma03g28610 and 
Glyma03g28630 between Clark and PI 547430 under iron stress conditions indicates 
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that if these genes are the underlying cause of the QTL then the difference between 
the lines may be due to gene function.  We identified two alleles of Glyma03g28610 
that had 100% correlation with iron-efficiency in this study.  The iron-inefficient 
cultivars Anoka, T203, PI 547430, PI 547698, and PI 548360 all shared a twelve 
base pair deletion within the second exon of this gene.  The deletion is an in-frame 4 
amino acid deletion that doesnʼt appear to hinder accumulation of the geneʼs 
transcript.  According to NCBIʼs Conserved Domain Database the deletion spans 
one of the 14 predicted dimerization sites and shifts two others (Figure 6).  This 
deletion could potentially alter Glyma03g28610ʼs ability to bind as a heterodimer with 
GmFIT, or alter the confirmation of the protein so that it is no longer able to bind the 
e-box within the promoter regions of GmFRO2 and GmIRT1.  This could explain why 
GmFRO2 is not induced in PI 547430 upon iron stress. It has been hypothesized 
that there is an additional regulatory step between AtFIT and AtIRT1 (Colangelo and 
Guerinot, 2004).  This unknown factor could be the cause of the GmIRT1 expression 
in PI 547430.  In addition, it has been shown that AtFIT regulates AtFRO2 at the 
level of transcription and IRT1 at the level of protein accumulation (Colangelo and 
Guerinot, 2004).  It was beyond the scope of this study to look at protein 
accumulation.  Thus, even though we observed an induction of GmIRT1 mRNA we 
cannot claim that there is an increase of GmIRT1 protein in the soybean roots.  PI 
547430 lacked the ability to induce GmFIT under iron limiting conditions, which 
indicates that there may be further unknown factors within the iron response 




In this report, we show that mapping sites of introgressions in multiple NILs sharing 
a common donor parent is a viable method for identification of genomic regions 
controlling phenotype.  Furthermore, through the creation of Sub-NILs and gene 
expression analysis that we were able to identify two candidate genes within the NIL 
introgression on chromosome 3 that co-localizes with a known Fe-efficient QTL in 
the Anoka x A7 population.  Finally, we identified a 12 bp deletion in one of the 
candidate genes that is shared in the inefficient lines in both NILs and the inefficient 
parent, Anoka, in the Anoka x A7 population.  
 
Materials and Methods 
 
Introgression mapping 
Lines used in this study were derived from backcrossing the two efficient recurrent 
parents Clark and Harosoy crossed with the common donor parent T203 (Bernard, 
1975).  Mapping of the T203 (donor) introgression into both PI 547430 (Clark 
background) and PI 547698 (Harosoy background) utilized 869 and 864 SSR 
markers respectively.  Markers were used to amplify DNA from the donor, and 
recurrent parents, and from the isolines.  PCR product was visualized on a 6% 
polyacrylamide gel.  Screened markers were categorized into three classes: not 
informative, informative between the parents, and introgressed DNA.  The 
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introgressed class was defined by the isolineʼs banding pattern matching that of the 
donor parent.  All markers had a known location on the whole genome sequence 
(Glyma1.01) (www.SoyBase.org) and thus identified regions of introgression into the 
near isogenic line.   
 
QTL mapping in the Anoka x A7 population 
Plant material for QTL mapping originated from 92 F2:4 lines from the Anoka x A7 
population, which was previously used to map iron deficiency chlorosis QTL (Lin et 
al., 1997).  The genetic linkage map was created by screening the population with 
916 known SSR markers (SoyBase.org) and an additional 303 untested 
BARCSOYSSR markers (Song et al., 2010).  The marker scores for each line were 
then imported into Mapmaker 3.0 (Lander et al., 1987).  A logarithm of the odds 
(LOD) threshold of 4.0 was used in a 3-point linkage analysis to construct the map.  
 
Phenotypic data obtained by Lin et al. (1997) was used in the research reported 
here.  Linkage maps were imported into MAPQTL6 (Van Ooijen, 2009), and QTL 
were  mapped using interval mapping and multiple-QTL mapping (Lander and 
Botstein, 1989; Jansen, 1993, 1994).  A significant experimentwise LOD threshold of 





Backcross advancement of PI 547430 
To further increase the chances of narrowing the introgressed region within the NIL 
(Clark background) an additional backcross generation was performed in these lines, 
during the 2009 summer.  Seventy-five Clark and 75 PI 547430 seed were planted 
on May 19th, 2009 at the Bruner farm (Ames, IA).  Two hundred crosses were 
performed which produced 156 seeds that were planted during the 2009 / 2010 
winter season in the greenhouse at Ames, IA.  The BC6 plants were screened with 
four SSR markers to confirm heterozygosity within the introgressed region.  Forty 
seed from each confirmed cross were then planted at the Bruner farm (Ames, IA) on 
May 27th, 2010.  Approximately 2600+ plants were screened with Satt387, Satt521, 
Sat_091 and Sat_295 to identify recombinations within the introgressed region.  Of 
these, 480 plants with recombination within the introgression region were selected 
for genotyping with four additional SSR markers (Sat_236, Satt549, Satt339, 
Sat_304) to better delineate the recombination intervals.  
 
Hydroponic phenotyping 
In the winter of 2010 seed of each line was sowed on germination paper for 7 days 
before seedlings transfer to a custom plant holder suspended over a 10L foil 
wrapped plastic bucket.  Two replicates containing eight plants in each recombinant 
class were grown under iron stress conditions (50 µM Fe(NO3)3•9H2O), following the 
procedure outlined by OʼRourke et al. (2007).  Each 10L bucket contained: 2mM 
MgSo4•7H2O, 2mM Mg(NO3)•6H2O, 2.5mM KNO3, 1mM CaCl2•2H2O, 4mM 
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Ca(NO3)2•4H2O, 0.02mM KH2PO4, 542.5µM KOH, 217µM KOH, 20µM 
MnCL2•2H2O, 50µM ZnSO4•7H2O, 50µM CuSO4•5H2O, 0.2µM Na2MoO4•2H2O, 
1µM CoSO4•7H2O, 1µM NiSO4•6H2O and 10µM H3BO3 in accordance with research 
by Chaney and Bell (Unpublished Advisory Letter, 1989) and OʼRourke et al. (2007).  
A 3% CO2-air mixture was used to maintain a pH level of 7.8. Each day a stock 
solution containing 30M K2HPO4, 222M KH4NO3, and 0.179M H3BO3 was added into 
the nutrient solution system to replace nutrients utilized by the growing plants.  The 
greenhouse photoperiod was held constant at 14-hours with a 10-hour dark period 
for the entirety of the experiment.  Plants were phenotyped 15 days after transfer 
into hydroponics at the V3 stage.  The 1-5 visual IDC score identification was 
performed as outlined by Cianzio et al. (1979).  In addition to visual score, SPAD 
readings were also recorded with a Minolta SPAD-502 chlorophyll meter (Tokyo, 
Japan), immediately following visual score determination. 
 
RNA sampling of Clark and PI 547430 tissues following iron-shock (root and leaf) 
Plants of Clark and PI 547430 were grown using a similar greenhouse hydroponic 
system with sufficient amounts of iron for 14 days according to the methods 
described above.  After this period plant roots were rinsed six times to remove iron 
and other nutrients traces and transferred to either Fe-sufficient (100 µM 
Fe(NO3)3•9H2O) or Fe-insufficient (50 µM Fe(NO3)3•9H2O) hydroponic conditions.  
After 24 hours of being transferred, foliar and root tissue was collected and flash-
frozen for storage.  RNA was later extracted and purified using RNeasy mini kit 
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(QIAGEN Inc., Valencia, CA).  The isolated RNA was then treated with DNase to 
remove final traces of DNA and stored at -80C until sequenced.  
 
Illumina Next-generation sequencing of RNA 
Four libraries were sequenced using a Genome Analyzer II (Illumina).  The libraries 
consisted of two Fe-sufficient and two Fe-insufficient biological replicates each 
containing three pooled replicates.  Sequencing was performed using established 
methods at the National Center for Genome Resources (NCGR).  Severin et al. 
(2010) have outlined the techniques of RNA-Seq sequencing.  In brief, RNA with a 
poly-A tail was isolated and size selected for ~500 bp fragments.  PCR amplified 
products of the size-selected library were checked for quality and loaded onto an 
Illumina flow cell for 36 cycles.  
 
Analysis of Next-generation sequencing Data 
The 36 bp reads were aligned to the soybean genome transcript map (Gmax_109, 
(Schmutz et al., 2010) using Bowtie/Tophat (Trapnell et al., 2009).  Alignment was 
limited to a seed length of 28 bases with a mismatch limit of two.  The alignments 
were further processed using Cufflinks/Cuffdiff v1.0.2 (Roberts et al., 2011).  
Transcript abundances were determined in Cufflinks using the fragments per 
kilobase of exon per million fragments mapped (FPKM), similar to the method 
described in Mortazavi et al., (2008).  Normalization of samples was performed using 
upper quantile normalization in order to better achieve estimates of lowly expressed 
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genes (Bullard et al., 2010).  Cuffdiff was used to identify gene expression 
differences between sufficient and insufficient iron conditions (Roberts et al., 2011).  
Significant differential gene expression was determined using a false discovery rate 
of 0.05 with a minimum of 30 alignments at a locus for a valid significance testing 
and a significant p-value cutoff of 0.05. 
 
Gene expression analysis through qRT-PCR 
Primers were designed from protein coding sequences (CDS, Phytozome.net) using 
Primer3 as a primer design tool (Rozen and Skaletsky, 2000).  Primers were 
designed to amplify ~100 bp fragments ideally spanning the intron/exon border to 
differentiate RNA and DNA amplified product. RNA amplification was performed 
using SuperScript III Platinum SYBR Green One-Step qRT-PCR amplification kit 
(Invitrogen).  Reactions were performed on a Stratagene Mx3000p Real-Time PCR 
machine (Agilent Technologies, Inc, Santa Clara, CA).  Reactions were run for 44 
cycles at a temperature of 60ºC.  A standard curve was created using 2.5, 12.5, 25, 
100 and 150ng RNA concentrations along with a no template control, and a no 
reverse transcriptase well for each primer pair.  
 
ELF-1B was chosen as the reference gene for this study based on previous reports 
by Wang et al., (2009).  For each plate one test primer and one reference gene 
primer were screened with two technical replicates for each of the three biological 
replicates.  This design allowed for the comparison between the quantity values 
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(Rieu and Powers, 2009).  qRT-PCR reactions were used for analysis only if the 
dissociation curve showed one peak and the no-RT and no-template reactions were 
greater than 5 cycles away from the other data points.  The standard curve was 
accepted if the r2 value was greater than 0.985.   
 
The relative quantities were determined by normalizing the values for the test 
primers to that of the reference gene (ELF-1B).  The technical and biological 
replicates were then averaged and log base 2 transformed.  
 
gDNA sequencing 
DNA was extracted from Clark (PI 548533), Harosoy (PI 548873), T203 (PI 54619), 
PI 547430, PI 547698, Anoka (PI 548508) and A7 (PI 596526) using a 96-well c-tab 
method outlined by Dietrich et al. (Dietrich et al., 2002).  Primers were designed 
across the predicted gene calls starting ~500 bp upstream of the transcription start 
site and continuing ~500 bp past the transcription stop.  Individual primers were 
designed to amplify ~750 bp fragments.  The sequencing methods used are outlined 
in Severin, Peiffer et al. (2010).  Cleanup of the PCR reaction utilized exonuclease 1 
and shrimp alkaline phosphatase.  Sequencing was performed using the BigDye 
V3.1 sequencing kit on a 50 cm 96-capillary Applied Biosystems 3730XL DNA 
analyzer (Applied Biosystems).  The sequences from all eight genotypes were then 
aligned using Sequencher V4.9 (Gene Codes Corporation).  The alignments were 
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Table 1. Polymorphic SSR Markers Screened in the Two NILs  






Clark 869 415 27 37.7 
Harosoy 864 345 19 36.9 
 
Comparison of polymorphic markers between the two recurrent parents and T203.  
In each NIL approximately 37% of the polymorphic markers were clustered on 
chromosome 3.  1Isoline same banding as Clark, 2Isoline same banding as T203  
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Figure 1. Overlay of the Two Near Isogenic Line introgressions and the iron 
efficency QTL on chromosome 3.  Blue solid boxes are the previously identified iron-
efficiency QTL, the brown wide dashed box is the PI 547698 introgression, and the 
yellow short dashed box is the introgression in PI 547430. 
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Figure 2. IDC visual scores mapped in the Anoka x A7 population for the combined 
1993 and 1994 data.  The only significant QTL was found on chromosome 3 with a 







Figure 3. Sub-NIL phenotyping for in the PI 547430.  A, Diagram of  the Sub-NILs 
identified across the BC6 PI547430 introgression site.  Phenotypes for each class 
are reported with the visual score / SPAD reading.   Shadded region indicates donor 
parent alleles.  B, Represenative images of the plants in each class.  Controls for 





Figure 4. Fine mapping of recombinant class 1.  Shaded regions indicate donor 
parent alleles, the non-shaded regions indicate Clark alleles.  The phenotypic scores 
are recorded with the visual score / SPAD score. 
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Table 2. Annotation of Genes within Narrowed Introgression 
PFAM Annotations of the candidate genes within the whittled introgression on 






expression PFAM ID PFAM Description 
Glyma03g28440  PF00651 BTB/POZ domain 
Glyma03g28450 Leaf 1 & 2 NA Unknown Function 
Glyma03g28460  NA Unknown Function 
Glyma03g28470  PF05834 Lycopene cyclase protein 
Glyma03g28480 
Leaf 1 & 2 
PF03807 
NADP oxidoreductase coenzyme 
F420-dependent 
Glyma03g28490 Leaf 1 & 2 PF08241 Methyltransferase domain 




RNA polymerase Rpb5, N-terminal 
domain 









Plant protein 1589 of unknown 
function (A_thal_3526) 
Glyma03g28570 
Leaf 1 & 2 
PF00072 
Response regulator receiver 
domain 
Glyma03g28580  PF03088 Strictosidine synthase 
















Glyma03g28640  NA Unknown Function 
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Table 3. RNA-seq and qRT-PCR Expression data  
Gene expression analysis of the known strategy I response genes using RNA-seq 
and qRT-PCR.  Expression is reported by fold change between sufficient and 




















*Greater than 2-fold expression change 
CRS = Clark Root Sufficient  ICRS = PI547430 Root Sufficient 

















Glyma03g28610 BHLH038 CRSvCRD 3.71* 4.47* 2.99* 
Glyma03g28630 BHLH038 CRSvCRD 6.24* 4.11* 2.26* 
Glyma12g30240 FIT CRSvCRD 1.38 3.61* 5.93* 
Glyma07g07380 FRO2 CRSvCRD 1.61 3.54* 3.97* 
Glyma07g34930 IRT CRSvCRD 2.22* 3.21* 3.26* 
Glyma03g28610 BHLH038 ICRSvICRD - - 3.28* 
Glyma03g28630 BHLH038 ICRSvICRD - - 3.09* 
Glyma12g30240 FIT ICRSvICRD - - 0.77 
Glyma07g07380 FRO2 ICRSvICRD - - 0.70 




Figure 5. PCR amplification of Glyma03g28610 with primers flanking the 12bp 
deletion.  Due to the high similarity between Glyma03g28610 and Glyma03g26830, 
the deletion is indicated by the double banding at 143 and 155bps.  The deletion is 
only present in the inefficient lines. 
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Figure 6.  Cartoon of the FIT / bHLH038 heterodimer bound to DNA.  The protein 
model depicts the interaction of the strategy I response transcription factor FIT 
(yellow) with itʼs heterodimer bHLH038, Glyma03g28610 (blue).  The 12 bp deletion 
is indicated in red.   
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Chapter 5. General Conclusions 
 
Conclusions 
Iron deficiency chlorosis is a major soybean nutritional concern first recognized in 
the early 1940ʼs (Weiss, 1943).  Breeding for iron-efficiency revitalized in the 1980ʼs 
-> 1990ʼs (Cianzio, 1979; Diers et al., 1992; Lin et al., 1997).  Researchers identified 
iron-efficient QTL in various populations uncovering multiple mechanisms of IDC 
resistance; (1) single major gene with modifiers and (2) a quantitative trait controlled 
by multiple genes (Cianzio, 1979; Lin et al., 1997; Lin et al., 1998).  Since the turn of 
the century, specific iron response genes have been delineated in model organisms 
such as A. thaliana and L. esculentum (Vert et al., 2002; Connolly et al., 2003; Yuan 
et al., 2008).  Using knowledge gained from these other organisms we can better 
identify underlying genes facilitating the multiple response mechanisms.  The 
research presented in this dissertation was designed to delineate the underlying 
genetic differences between iron-efficient and iron-inefficient soybean lines.  
 
Previous studies have utilized soybean NILs as a tool to identify genetic differences 
between iron-efficient and iron-inefficient varieties (O'Rourke et al., 2007; O'Rourke 
et al., 2007; O'Rourke et al., 2009).  The best way to utilize NILs is to define the 
donor parent introgression sites in the recurrent parent.  Chapter 3 of this 
dissertation identifies a novel method for that type of identification.  Through the use 
of next-generation sequencing and SNPs identified between the parents and NIL 
derived from them, we were able to fine map introgression boundaries.  The study 
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identified donor parent introgressions on six of the twenty soybean chromosomes.  
Utilizing the previous QTL studies as a scaffold we aligned the newly identified 
introgressions with the QTL.  Of the six chromosomes with donor parent 
introgressions, only the introgression on the long arm of chromosome 3 co-localized 
with any QTL.  The QTL on chromosome 3 was identified in the Anoka x A7 
population thought to contain a single major gene controlling IDC response (Lin et 
al., 1997).  
 
In chapter 4 we took the NIL mapping a step further with a second NIL created with 
the same donor parent used by Bernard (1975).  The donor parent introgressions in 
this new NIL were coincident with iron QTL only on chromosome 3.  The two 
chromosome 3 introgressions overlapped on the proximal side of the QTL.  Through 
Sub-NIL mapping and phenotyping we identified a narrow 250 kb region on 
chromosome 3 containing recurrent parent alleles required for iron-efficiency.  Two 
homologs of A. thaliana bHLH038 were present within this region and were the only 
genes in the region differentially expressed in the roots 24 hours after being exposed 
to iron stress.  Genomic sequence analysis uncovered a 12 bp deletion in one of the 
two candidate genes, Glyma03g28610.  The 12 bp removes one predicted 
heterodimerization site and shifts confirmation of two others in the predicted model 
with the important strategy I transcription factor, FIT.  Through PCR amplification we 
showed that the deletion was only present in the inefficient lines in both of the NILs 
and the Anoka x A7 population.  We hypothesize the deletion disrupts binding with 
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FIT resulting in the heterodimerʼs reduced ability to activate FRO and IRT during iron 
stress. 
 
The identification of the overlapping NIL introgressions in the Clark and Harosoy 
backgrounds in addition to the Anoka x A7 major QTL suggests that alleles in this 
region are required for iron-efficiency (Lin et al., 1997).  However, it has been shown 
that there are multiple mechanisms for iron stress response and the QTL identified 
on chromosome 3 may not be universally applicable.  In the quest for agronomically 
important traits it is paramount to utilize the appropriate tools and resources.  The 
NILs used in this study were the ideal tool for delineating the Anoka x A7 single gene 
hypothesis. However, in another population their usability may be diminished.  
 
Future Research  
This research has identified a strong candidate underlying the iron stress response 
difference between Fe-efficient and Fe-inefficient NILs and the Anoka x A7 
population.  To further advance the knowledge about this strategy I system, this 
study could be followed up with a knockout or knockdown of Glyma03g28610 gene 
in the efficient soybean NIL Clark.  The knockout / knockdown could be 
accomplished using either virus induced gene silencing (VIGS) or agrobacterium 
transformation.  The expected results of this study would be that Clark would no 
longer be able to mount a sufficient iron stress response due to the inability to 
activate FRO and IRT.  A parallel study could also be performed using 
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overexpression the wildtype Glyma03g28610 in the inefficient lines to restore the 
iron-efficiency phenotype. 
 
In this research, the candidate gene and the identified mutation were only tested in 
three populations.  It would be prudent to screen multiple populations for this 
mutation to determine the agronomic value of using these tools in a breeding 
program.  Rather than utilizing multiple bi-parental populations, association mapping 





Bernard RL (1975) Soybean Isolines. Soybean Genetic Newsletter 2: 59-74 
Cianzio S (1979) Breeding for resistance in iron chlorosis in soybeans. agris.fao.org  
Connolly E, Campbell N, Grotz N, Prichard C, Guerinot ML (2003) Overexpression of 
the FRO2 ferric chelate reductase confers tolerance to growth on low iron and 
uncovers posttranscriptional control. Plant Physiol. 133: 1102-1110 
Diers B, Cianzio S, Shoemaker RC (1992) Possible identification of quantitative trait 
loci affecting iron efficiency in soybean. Journal of Plant Nutrition 15: 2127-
2136 
Lin S, Baumer J, Ivers D, Cianzio RS, Shoemaker RC (1998) Field and nutrient 
solution tests measure similar mechanisms controlling iron deficiency 
chlorosis in soybean. Crop Science 38: 254-259 
Lin SF, Cianzio S, Shoemaker R (1997) Mapping genetic loci for iron deficiency 
chlorosis in soybean. Molecular Breeding 3: 219-229 
O'Rourke J, Charlson D, Gonzalez D, Vodkin L, Graham MA, Cianzio S, Grusak M, 
Shoemaker R (2007) Microarray analysis of iron deficiency chlorosis in near-
isogenic soybean lines. BMC Genomics 8: 476 
O'Rourke J, Graham MA, Vodkin L, Gonzalez D, Cianzio S, Shoemaker R (2007) 
Recovering from iron deficiency chlorosis in near-isogenic soybeans: a 
microarray study. Plant Physiol Biochem 45: 287-292 
O'Rourke J, Nelson R, Grant D, Schmutz J, Grimwood J, Cannon S, Vance CP, 
Graham MA, Shoemaker R (2009) Integrating microarray analysis and the 
soybean genome to understand the soybeans iron deficiency response. BMC 
Genomics 10: 376 
Vert G, Grotz N, Dédaldéchamp F, Gaymard F, Guerinot ML, Briat J-F, Curie C 
(2002) IRT1, an Arabidopsis transporter essential for iron uptake from the soil 
and for plant growth. The Plant Cell Online 14: 1223-1233 
Weiss M (1943) Inheritance and physiology of efficiency in iron utilization in 
soybeans. Genetics 28: 253-268 
Yuan Yx, Wu H, Wang N, Li J, Zhao W, Du J, Wang D, Ling H (2008) FIT interacts 
with AtbHLH38 and AtbHLH39 in regulating iron uptake gene expression for 






First and foremost I would like to Dr. Randy Shoemaker for taking a chance with me 
as a USDA technician.  It was there that I was allowed to grow as a scientist and 
proceed into graduate school.  I would further like to thank him for the life lessons 
and guidance in research.  
 
I also wish to thank the other members of my program of study committee: Dr. Silvia 
Cianzio, Dr. Philip Becraft, Dr. Candice Gardner, Dr. Emily Heaton and Dr. Steven 
Whitham for their unending patience and guidance. 
 
Special thanks to Dr. Reid Palmer for his assistance in the greenhouse and field, Dr. 
Michelle Graham for her bioinformatic guidance and assistance and Dr. Andrew 
Severin for his mentorship and support in both bioinformatics and experimental 
design.  
 
I would like to thank the past and current members of the Shoemaker lab, with 
special recognition to Dr. Jessica Schlueter, Rebecca Nolan and Johanna Dobbs.  
Their collaboration and friendship was greatly appreciated.  
 
Lastly, I express my deepest gratitude to my family, including Lauren, Whimpy and 





Supplemental Table S1. SNPs identified by Method 1 on the single-library 
comparison 
This table contains 172 SNPs identified using Method 1 on the single-library RNA-
Seq comparison between the Clark/IsoClark 10-day root experimental data.  The file 
contains a unique SNP identifier that includes the genomic location.  The sequence 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table S2. SNPs identified by Method 2 on the single-library 
comparison 
This table contains 255 SNPs identified using Method 2 on the single-library RNA-
Seq comparison between the Clark/IsoClark 10-day root experimental data.  The file 
contains a unique SNP identifier that includes the genomic location.  The sequence 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table S3. SNPs identified by Method 1 on the four-library 
comparison 
This table contains 261 SNPs identified using Method 1 on the four-library RNA-Seq 
comparison between the Clark/IsoClark 19-day root and leaf experimental data.  The 
file contains a unique SNP identifier that includes the genomic location.  The 
sequence surrounding each SNP based on the soybean Glyma1.01 genome 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table S4. SNPs identified by Method 2 on the four-library 
comparison 
This table contains 469 SNPs identified using Method 2 on the four-library RNA-Seq 
comparison between the Clark/IsoClark 19-day root and leaf experimental data.  The 
file contains a unique SNP identifier that includes the genomic location.  The 
sequence surrounding each SNP based on the soybean Glyma1.01 genome 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental Table S4 (Continued) 244 
GATTAACGAGAGCAGGACGTTGAGGCCGACGTGAGTGGAGACGAGCGAAACGACAG 
 245 
Supplemental Table S5. SNPs identified by Method 2 on the seed protein NIL pair 
This table contains 387 SNPs identified using Method 2 on the fourteen Illumina 
libraries of Williams82/G. soja seed-protein NIL experimental data.  The file contains 
a unique SNP identifier that includes the genomic location.  The sequence 




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Supplemental File S1.  This file contains small scripts required to run 
SNPscript.R I have found many of these functions are also useful for other 
analyses. 
 
#This script was written in the R programming language to determine intervals of 
significant SNP density based on a bootstrap method. 
#Required input for the script is a list of SNPs with chromosomal positions. 
Output of the script is similar to Figure 2 and Figure 3. 
#Created on 04/06/10 by Andrew Severin andrewseverin@gmail.com 
#Iowa State University 
######################################################### 






#this function will generate intervals of significant clustering of SNPs on soybean 




#The axis labels require resizing depending on the width of the plot 










#I make use of the rect function that has input as (xleft, ybottom, xright, ytop) 








rect(0,0,chromosomelength/maxchromosomelength,-0.04) #this draws the 
chromosome on the bottom 
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rect(SNPcoords/maxchromosomelength,0,SNPcoords/maxchromosomelength ,-
0.04,lwd=.1) #this draws the location of each SNP 
rect(xleft,ybottom,xright,ytop,border="black",col=rainbow(length(binscales))[whic
h(binscales==currentBinScale)]) #Significant Intervals of SNPs 
text(chromosomelength/(2*maxchromosomelength),-
.02,labels=paste("chromosome",i),cex=.5) #chromosome name 
text(SNPcoords/maxchromosomelength-2000/maxchromosomelength,-
.02,labels=rownames(SNPcoords),cex=XcexVar,srt=90) #location of each 
Interval 
axis(1,tick=T,at=intervalstart/maxchromosomelength,labels=intervalstart,cex.axis
=XcexVar,las = 2,lwd=.5) #axis 1 
axis(2,tick=T,at=seq(0,1,1/maxNumGenesInCluster),labels=0:maxNumGenesInC
luster,cex.axis=.8) #axis 2 
ablineMulti<-function(i){abline(i,0,col="darkgrey",lwd=.1)} #Creates a grid at 2 
SNP intervals 
sapply(seq(0,1,2/maxNumGenesInCluster),ablineMulti) #sapply to create the grid 
} 
######################################################### 
#this function is not used in the SNPscript but is a handy little function. 
#Used in a similar script for clustering genes. 
identifyGenesOnChromosomeForSoybean<-function(GeneList){ 


















return(snps) #this will return the snp matrix that corresponds only to the 
chromosome of interest 
} 
######################################################### 
#this section will take the same number of genes and simulate how the genes will 
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fall into the bins based on the 1000(or numofsims) random collections of genes 
simulateData<-
function(numofsims,AllGeneCalls,geneCoordinates,SNPS,chromosomeNumber){ 











#Boostrap function for clustering on a chromosome 












sampleIndex<-bootData$sampleIndex #actual data 
chromBinsSample<-matrix(0,numofsims,length(breaks1)) #simulated data 
for (j in 1:numofsims){ 







#Average and standard deviation of the simulated data 
chrombinsAve<-colMeans(chromBinsSample) 
chrombinsSD<-sd(chromBinsSample) 
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(chrombinsAve))[over3stdev])/chrombinsSD[over3stdev],2) 
#this if statement is required in case no intervals are found to be significant 
if (length(over3stdev)==0){ 





















#This script is used to cluster SNPs onto Soybean chromosomes. Requires 
SNPsource.R and .RDataSNP 
#This script was written in the R programming language to determine intervals of 
significant SNP density based on a bootstrap method. 
#Required input for the script is a list of SNPs with chromosomal positions. 
Output of the script is similar to Figure 2 and Figure 3. 
#Created on 04/06/10 by Andrew Severin andrewseverin@gmail.com 








SNPsofInterest<-read.table('./exampleSNPsFile.txt') #list with SNPs of interest 
numberOfChromosome<-20 #this variable will allow you to loop through the first 
X chromosomes (see for loop below) 
#this section is optional if you would like to have multiple bin sizes uncomment 
#StartingBinsize<-6000000 #important the the vector in this forloop results in 
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binsizes that include the binsizes before it 
#binscales<-c(1,2,6,12,60,120) #for binsize 6M 3M 1M 500K 100K 50k 
#For multiple bin sizes comment out this block of code 
StartingBinsize<-500000 #Here I chose just one binsize 
binscales<-c(1) 







#this for loop will cycle through each chromosomes. 
for (i in 1:numberOfChromosome){ 
#for (i in numberOfChromosome:numberOfChromosome){ #This line can be 
uncommented if you want to run it on a specific chromosome 
dir.create(paste("./",i,sep="")) #create directory to export outfiles 
chromosomelength<-chromosomelengthAll[i] 
maxNumGenesInCluster<-0 #initiate a variable that will be needed later for 
plotting 
SNPs<-identifySNPSOnChromosomeForSoybean(SNPsofInterest,i) #this 
function will identify the SNPs on each chromosome as it goes through the loop 






#generate the simulated data (See SNPsource for code) 
#binSize (for loop) will cycle through the binsizes determined above 
for (b in binscales){ 
binsize<-StartingBinsize/b 
print(binsize) 
appendtofilename<-paste("_",binsize/binscales,sep="") #this variable is used for 
the outputfiles to distinguish between bins 
SNPcoords<-SNPs[,1] #for retrieval of the coordinates of the SNPs of interest 






#open a pdf file 
pdf(file=paste(i,"/chrom",i,"ALL",".pdf",sep=""),paper="special",height=7,width=10
Supplemental File S1 (Continued) 291 
0) 
plot(0:1, 0:1, type="n", axes=FALSE, ann=FALSE) 
} 



















#now that the plotting is finished, close the pdf file 
dev.off() 
} 






#this commands save the R sessions for each chromosome into each 
chromosome folder respectively. 







#the two columns are identical required to read in as a table in the script 
position position 
Gm01_53617124 53617124 53617124 
Gm02_5687687 5687687 5687687 
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Gm02_42350182 42350182 42350182 
Gm03_36460374 36460374 36460374 
Gm03_36554101 36554101 36554101 
Gm03_36559857 36559857 36559857 
Gm03_36559926 36559926 36559926 
Gm03_36560002 36560002 36560002 
Gm03_36952394 36952394 36952394 
Gm03_36959955 36959955 36959955 
Gm03_36996777 36996777 36996777 
Gm03_36997184 36997184 36997184 
Gm03_36997185 36997185 36997185 
Gm03_37024958 37024958 37024958 
Gm03_37027198 37027198 37027198 
Gm03_37144398 37144398 37144398 
Gm03_37165409 37165409 37165409 
Gm03_37827399 37827399 37827399 
Gm03_37828684 37828684 37828684 
Gm03_37828791 37828791 37828791 
Gm03_37832228 37832228 37832228 
Gm03_37863675 37863675 37863675 
Gm03_38065066 38065066 38065066 
Gm03_38083417 38083417 38083417 
Gm03_38117453 38117453 38117453 
Gm03_38117485 38117485 38117485 
Gm03_38132996 38132996 38132996 
Gm03_38136913 38136913 38136913 
Gm03_38170431 38170431 38170431 
Gm03_38173719 38173719 38173719 
Gm03_38173815 38173815 38173815 
Gm03_38174150 38174150 38174150 
Gm03_38174157 38174157 38174157 
Gm03_38718231 38718231 38718231 
Gm03_38718672 38718672 38718672 
Gm03_38942920 38942920 38942920 
Gm03_38942927 38942927 38942927 
Gm03_39788794 39788794 39788794 
Gm03_39788799 39788799 39788799 
Gm03_39790874 39790874 39790874 
Gm03_39795164 39795164 39795164 
Gm03_39795203 39795203 39795203 
Gm03_39964048 39964048 39964048 
Gm03_39966061 39966061 39966061 
Gm03_39967974 39967974 39967974 
Gm03_39986148 39986148 39986148 
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Gm03_39993121 39993121 39993121 
Gm03_40055679 40055679 40055679 
Gm03_40056070 40056070 40056070 
Gm03_40131229 40131229 40131229 
Gm03_40131350 40131350 40131350 
Gm03_40132046 40132046 40132046 
Gm03_40154304 40154304 40154304 
Gm03_40154315 40154315 40154315 
Gm03_40160427 40160427 40160427 
Gm03_40172340 40172340 40172340 
Gm03_40179701 40179701 40179701 
Gm03_40211426 40211426 40211426 
Gm03_40371846 40371846 40371846 
Gm03_40459321 40459321 40459321 
Gm03_40462434 40462434 40462434 
Gm03_40462640 40462640 40462640 
Gm03_40585266 40585266 40585266 
Gm03_40585499 40585499 40585499 
Gm03_40586108 40586108 40586108 
Gm03_40587775 40587775 40587775 
Gm03_40600203 40600203 40600203 
Gm03_40600256 40600256 40600256 
Gm03_40603941 40603941 40603941 
Gm03_40628097 40628097 40628097 
Gm03_40656449 40656449 40656449 
Gm03_40676583 40676583 40676583 
Gm03_40676856 40676856 40676856 
Gm03_40678154 40678154 40678154 
Gm03_40683015 40683015 40683015 
Gm03_40685721 40685721 40685721 
Gm03_40785291 40785291 40785291 
Gm03_40785299 40785299 40785299 
Gm03_40823593 40823593 40823593 
Gm03_40874888 40874888 40874888 
Gm03_40886333 40886333 40886333 
Gm03_40889026 40889026 40889026 
Gm03_40906651 40906651 40906651 
Gm03_41007691 41007691 41007691 
Gm03_41007937 41007937 41007937 
Gm03_41008255 41008255 41008255 
Gm03_41008442 41008442 41008442 
Gm03_41008459 41008459 41008459 
Gm03_41171468 41171468 41171468 
Gm03_41185505 41185505 41185505 
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Gm03_41223681 41223681 41223681 
Gm03_41228284 41228284 41228284 
Gm03_41228321 41228321 41228321 
Gm03_41234338 41234338 41234338 
Gm03_41274006 41274006 41274006 
Gm03_41275788 41275788 41275788 
Gm03_41982791 41982791 41982791 
Gm03_42142835 42142835 42142835 
Gm03_42179147 42179147 42179147 
Gm03_42224757 42224757 42224757 
Gm03_42224778 42224778 42224778 
Gm03_42243466 42243466 42243466 
Gm03_42243699 42243699 42243699 
Gm03_42672131 42672131 42672131 
Gm03_45026222 45026222 45026222 
Gm03_45416367 45416367 45416367 
Gm03_45503654 45503654 45503654 
Gm03_45516926 45516926 45516926 
Gm04_44787569 44787569 44787569 
Gm04_45061509 45061509 45061509 
Gm04_45090419 45090419 45090419 
Gm04_45152573 45152573 45152573 
Gm04_45157974 45157974 45157974 
Gm04_45380790 45380790 45380790 
Gm04_45594453 45594453 45594453 
Gm05_38251772 38251772 38251772 
Gm05_38278658 38278658 38278658 
Gm05_38279366 38279366 38279366 
Gm05_38280387 38280387 38280387 
Gm05_38337295 38337295 38337295 
Gm05_38402327 38402327 38402327 
Gm05_38432746 38432746 38432746 
Gm05_38433427 38433427 38433427 
Gm05_38433580 38433580 38433580 
Gm05_38589019 38589019 38589019 
Gm05_38596037 38596037 38596037 
Gm05_38913395 38913395 38913395 
Gm05_38913666 38913666 38913666 
Gm05_39082457 39082457 39082457 
Gm05_39082469 39082469 39082469 
Gm06_5721969 5721969 5721969 
Gm06_5721970 5721970 5721970 
Gm08_3461787 3461787 3461787 
Gm09_6112681 6112681 6112681 
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Gm10_38131569 38131569 38131569 
Gm10_38131571 38131571 38131571 
Gm10_47783606 47783606 47783606 
Gm12_3862466 3862466 3862466 
Gm12_38459068 38459068 38459068 
Gm13_35524268 35524268 35524268 
Gm13_35617464 35617464 35617464 
Gm13_35823484 35823484 35823484 
Gm13_35823512 35823512 35823512 
Gm13_35823533 35823533 35823533 
Gm13_35823811 35823811 35823811 
Gm13_35835159 35835159 35835159 
Gm13_35862124 35862124 35862124 
Gm13_35862205 35862205 35862205 
Gm13_39517326 39517326 39517326 
Gm14_28088505 28088505 28088505 
Gm15_3100509 3100509 3100509 
Gm16_30464934 30464934 30464934 
Gm16_30479527 30479527 30479527 
Gm16_30539483 30539483 30539483 
Gm16_30539518 30539518 30539518 
Gm16_30539519 30539519 30539519 
Gm16_30626524 30626524 30626524 
Gm16_31191863 31191863 31191863 
Gm16_31204160 31204160 31204160 
Gm16_31204451 31204451 31204451 
Gm16_31225684 31225684 31225684 
Gm16_31461554 31461554 31461554 
Gm16_31475163 31475163 31475163 
Gm16_31476359 31476359 31476359 
Gm16_31827645 31827645 31827645 
Gm16_31827884 31827884 31827884 
Gm16_31827991 31827991 31827991 
Gm16_31828137 31828137 31828137 
Gm16_31829738 31829738 31829738 
Gm16_31840753 31840753 31840753 
Gm16_31840819 31840819 31840819 
Gm16_31842815 31842815 31842815 
 
